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I INTRODUCITON

Molecular ions are present in a wide range of gaseous media including the
earth's atmosphere and other planetary atmospheres, interstellar space, gas
discharges, and lasers, MHD power generators, explosives and combustion,
rocket exhaust plumes, ballistic missile reactor wakes, switches, and in the
environment of proposed particle beam weapons systems. Knowledge of the
characteristics and reactions of these ions is required for developing
diagnostic methods to determine the conditions that prevail in these media and
for developing theoretical models of the media.

The objective of this research was to identify the excited states of
relevent molecular ions and study their structure and decay processes. During
this three-year program, we have developed two unique experimental approaches
that use photodissociation as a sensitive probe of molecular fon excited
states: total photodissociation cross sections measured in a drift tube mass
spectrometer and partial photdédissociation cross sections measured in a laser-
fast—-ion—-beam photofragment speccfometer. Each of these approaches, summa-
rized in Section II, offers distinct advantages to the study of molecular fon

excited states.

Using these techniques, we have investigated the excited states of
several important positive and negative ions: 02+(§4Hu), °2+(2428’)'
ot '), N, w'2m, N0y, N0t B, and COyT.  These

studies have resulted in seven publications in The Journal of Chemical

Physics. The most important results of this work are summarized in
Section III. Detailed descriptions of the work are given in Appendices A
through G.

v




II EXPERIMENTAL APPROACH

The high reactivity of molecular ions and the very low densities with
which they can be produced preclude direct application of the traditional
spectroscopic techniques developed for neutral species to the study of molec-
ular ion excited states. Consequently, current information on the structure
and internal energy states of molecular ions is extremely limited. We have
found that photodissociation can be used as a particularly sensitive probe to
obtain detailed information on molecular ion energy levels. This information
is analogous to, and even surpasses, that obtained for neutral molecules using

absorption spectroscopy.

Here, a laser is used to pump the molecular ion from specific vibra-
tional, rotational, and fine structure levels in a bound electronic state to
levels in an excited state of the ion that lie in energy above its dissocia-
tion limit. If these levels are predissociated (as is generally the case),
the absorption of photons can be detected with high efficiency by either the
loss of the parent molecular fon or the appearance of the fragment ion. These
two methods of detecting the photoabsorption form the basis for the two .

experimental techniques used in this research program.

A. Drift~-Tube Mass Spectrometer

The drift~tube mass spectrometer is shown schematically in Figure 1.
Positive or negative ions are formed in the ion source by electron impact or
attachment in a relatively high pressure (0.05-1.0 torr) of neutral gas. The
ion swarm then drifts within a weak, homogeneous electric field at a fraction
of the fons' random, thermal velocities. The high pressure drift region is
terminated by a small exit aperture subtended by a quadrupole mass spectro-
meter. Just before arriving at the aperture, the ion swarm is intersected by

a tunable laser bdeam.

Absorption by an ion species into a dissociating state is detected by a
reduction in the current at the mass of that species detected by the mass
spectrometer or by the increase in the fon current at the mass of the photo-~
fragments as the laser i{s tuned in wavelength. By adjustment of the drift
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distance between the ion source and the laser, the gas pressure, and the gas
composition, complex molecular ions can be produced by ion-molecule reac-
tions. In general, these ions will be formed in an unknown distribution of
internal energy states. However, by varying sthe number of thermal collisions
encountered by the ion between the time of its formation and its arrival at
the laser, we can study the photodissociation of the relaxed ion. Hence the

photoabsorption reflects the structure of the dissociating state.

This ability to produce relaxed ions is crucial for the measurement of
physically meaningful photodissociation cross sections. However, this tech-
nique su.fers three limitations. First, only the relative locations of the
gtound and excited states can be determined; hence only an upper limit can be
established for such an important ion property as the bond dissociation
energy. Second, transient species cannot be studied because of the large ion-
molecule reaction rates in the high pressure drift region, and third, the
photoabsorptions are Doppler—broadened by the thermal motion of the ions. The
following technique aviods these limitations.

B. Laser-Fast-Ion-Beam Photofragment Spectrometer

The laser-fast—ion—beam photofragment spectrometer is shown schematically
in Figure 2. The ions are produced in an electron impact or discharge type
ion source, extracted to form a beam, and accelerated under collision-free
conditions to several thousand electron volts of energy. The desired mass
specles is selected by a magnetic sector, collimated to 2 mrad angular diver-
gence, and bent by 90° into the photon interaction region by a two-dimensional
electrostatic quadrupole field. In this region the ions are intersected by a
laser beam directed either perpendicular to the ifon beam or coaxial to it.

The fragment ions produced by photodissociation are bent out of this region by
a second quadrupole field into a hemispherical electrostatic energy analyzer

where they are detected.

There are two basic methods for observing the photodissociation pro-
cess, One is to irradiate the ion beam with a fixed laser wavelength and scan
the electrostatic energy analyzer. The resulting kinetic energy spectrum of
the photofragment ions identifies the locations of both the absorbing and
dissociating ion states relative to the molecule's dissociation limit (rather

than only relative to each other) as well as the mass of the fragment ions.
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The second method is to fix the energy analyzer to observe only those photo-
fragments produced with a given energy relative to the dissociation limit and
scan the wavelength of the laser. This gives the absorption spectrum of the
ion for transitions that terminate in the selected predissociatingt levels of

the upper electronic state.

As mentioned above, the laser can be directed either perpendicular to the
ion beam or coaxial with it, In the perpendicular configuration, the polar-
ization of the laser can be varied relative to the ion beam velocity vector.
Thus the angular distribution of the photofragments can be determined, which
identifies the symmetries of the molecular states involved in the optical
absorption. In the coaxial configuration, the orientation of the laser polar-
ization and the ion beam velocity are fixed. However, this arrangement allows
a much larger ion-laser interaction volume, thus improving the photofragment
sensitivity. A second, crucial advantage of the coaxial configuration is that

it allows a very narrow Doppler width for the absorption of photons.

Although the kinetic energy spread of the ions produced in the source is
large (~ 1 eV) compared with that of a room temperature gas, the magnitude
of this energy spread (in the laboratory system) remains unchanged as the ion
beam 1is accelerated to several thousand electron volts. This results in the
well-known kinematic compression in the ion beam velocity spread and permits
Doppler widths equivalent to those of a gas at a temperature of 1 K or less
for absorptions in the coaxial laser ion beam configuration. The predissocia-
tion lifetimes of discrete vibrational, rotational, and fine-structure levels
can thus be measured directly from homogeneously broadened absorption line-
widths for transitions into the level.




III SUMMARY OF RESULTS

A. Photofragment Spectroscopy of O,+

The éﬁnu state of 02+ is metastable with respect to radiative decay to
the KFHB ground state. As such, this state plays an important role in a
variety of ion-molecule reactions in both naturally occurring and laboratory
processes involving the ionization of oxygen. In addition to its practical
applications, the ease with which we can form an intense Oz+ ion beam contain-
ing a significant (~ 30%) fraction of ions in this state has made it the
prototype system in our program for the development of high resolution tech-

niques for photofragment spectroscopy.

We have thus far observed, at readily accessible visible wavelengths,
transitions from the génu state into both the Efzg- and ;fng states.
These transitions result in five distinct dissociation processes: predisso-
cizti:n of bazg-(v*3,4,5) by spin-orbit coupling to the gfng and to the

4_28 statesa direct dissociation following transitions to the repulsive
wail of the ;_ng state, and predissociation6of+quasi-bound levels of the
g_ng state by spin-orbit cpupling to the E.Zg state and by quantum-

mechanical tunneling through the f state potential barrier.

These studies have resulted in an order of magnitude improvement in spec-
tral resolution over conventional absorption or emission techniques, direct
measurement of predissociation lifetimes from absorption line profiles and
development of their use in identification of predissociation mechanisms,
direct measurement of bond dissociation energies for both {onic and neutral
states, the first observation of a 4n - 4l'I electronic transition, the first
observation of bound levels in the gﬁng state, the first measurements of
anisotropy parameters for fully resolved quantum states, and the first
obgervation of partitioning of dissociation products among atomic fine-

structure levels.

A complete description of this research is given in Appendices A through
D. Appendix A discusses the initial identiffcation of the predissociating
v=3,4,5 levels of the Q?Zg- state. The predissociation lifetime measure-
ments of these levels are discussed in Appendix B, together with their predis~-




sociation mechanisms. Appendix C presents the angular distribution measure-
ments for the fully resolved levels and the precise measurement of bond disso-
clation energies for the ééﬂu and 23Zg- states of 02+ and the ground state
of 0. Appendix D reports the predissociation of two quasi-bound vibrational
levels in the gﬁng state, analysis of the predissociation mechanisms, and
the observation of partitioning among 0(392’1,0) fine-structure levels in the
dissociation.

B. Photofragment Spectroscopy of ot

The NO* ion is the crucial constituent in the ionosphere and in N2/02
discharges and plasmas. Yet the information on the excited states of this ion
is notoriously deficient, even though ionization produces 302 to 40% of the
ion population in long-lived metastable states. We have made a preliminary
survey of No* photodissociation in the 6600-5650 A wavelength range and found
more than 40 NO+ absorption .ands that produce 0+ photofragments with center-
of-mass kinetic energies (W) between 0 and 900 meV and Nt photofragments with
W in the range of 0 to 600 meV. A detailed study was made of the band system
that produced ot fragments with W between 698 and 925 meV, This study is
discussed in Appendix E.

We found that the band system was composed of transitions from
2‘32—(v-8,9,10) to 20 predissociated levels of the previously unobserved
23ﬂ(v-0-19) state. The rotational population of Ef3£-(v-9) was found to

be perturbed by ﬁlﬂ(v-3). In addition, the Z3H state was found to be
homogeneously perturbed at v > 3. High resolution spectra of -:e absorption
bands disclosed a predissociation lifetime of <t » 1.6 ns for the lower
vibrational levels in the 23H state. The predissociation of this state is
likely caused by spin-orbit coupling to the g§£+ state., Because of the
perturbations that occur in both the upper and lower states, the complex rota-
tional structure, although fully resolved, cannot yet be assigned. However,
future analysis of the numerous other predissoclation band systems will likely
provide the additional information necessary for a full characterization of
the 23H state.

The present investigation will have a major impact on current knowledge
of NO+ excited states. It probes for the first time the states lying in the
region of the lowest Not dissociation limits. Although two extensive ab

initio calculations of the NO+ excited states have been made, neither




accurately describes the electronic states in this region. Yet it is
precisely this region that dominates a theoretical description of N +o or
0+ + N collisions.

C. The Peroxy lsomer of NOq_

A peroxy isomer of the N03' ion (OONO™) had been postulated on the basis
of reaction rate measurements. Those measurements also found that the isomer
was rapldly converted to normal (C3v symmetry) N03- by reaction with NO. We
have observed photodissociation of the isomeric N03- ion into 02' + NO, thus
contfirming its peroxy structure. We have further found that OONO~ 1s rapidly
hydrated and that its peroxy structure is preserved in the hydrate. Moreover,
we find that hydration of OONO~ effectively stabilizes 1t against conversion
into NO3~ by reaction with NO.

These observations suggest the importance of considering the chemistry
and photochemistry of the peroxy ion and its hydrates in modeling the iono-
sphere. A detailed discussion of this research is given in Appendix F,

D. Photodissociation of CO4

Several years ago it was discovered in our laboratory that C03- photodis-
sociates into 0 + COp with a highly structured cross section at visible wave-
lengths. The longest wavelength at which photodissociation could be observed
implied an upper limit of < 1.85 eV. for the bond dissociation energy of
C03_. This value, however, conflicted with the lower limit of > 2.27 eV
established for the dissociation energy of this ion by ion-molecule reaction
studies. Consequently, we undertook an extensive series of tests to determine
whether the observed photodissociation could have arisen from a long-lived
excited state of the CO3- ion that was not collisionally quenched in the
initial drift tube studies. This work is reported in Appendix G.

In summary, we found that the absorbing state in the photodissociation
process was the ground electronic state of the ion. We also found that the
lifetime of the state populated by the absorption was approximately

0.5 us. We eliminated the possibility that collisioenal dissociation of this
long-lived stste, populated at energies below the thermodynamic limit, could
produce the low apparent threshold for photodissociation. None of these

findings was able to resolve the discrepancy in the CO3_ bond dissociation

energy.

P f’_—"*"‘.‘f




1.

3.

5‘

6.

7.

IV LIST OF PUBLICATIONS

The research conducted under contract DAAG29-77-C-0037 has resulted in

the following publications.

M. Tad jeddine, R. Abouaf, P. C. Cosby, B. A. Huber, and J. T. Moseley,
"Predissociation photofragment spectroscopy of 02+ quartet states,” J.
Chem. Phys. 69, 710 (1978).

J. T. Moseley, P, C. Cosby, J. B. Ozenne, and J. Durup, "Predissociation
lifgtipes_of the rotational and fine structure levels of
0, (b 28 , v=3,4,5)," J. Chem. Phys. 70, 1474 (1979).

C. Pernot, J. Durup, J. B. Ozenne, J. A. Beswick, P. C. Cosby, and

J. T. Moseley, "Angular distributions+ang separation energies of

predissociation photofragments of 0O, (b & v'=4 N' F'),” J. Chem.
2 — 8 1] i ’ ’

Phys. 71, 2387 (1979).

H. Helm, P. C. Cosby, and D. L. Huestis, "Laser predissociation spectro-
scopy of the g_ns state of 02+," J. Chem. Phys. 73, 2629 (1980).

P. C. Cosby and H. Helm, ”Lasgr photofragment spectroscopy of Not
I. Predissociation of the 271 state,” J. Chem. Phys. (submitted for
publication).

G. P. Smith, L. C. Lee, and P. C, Cosby, "Photodissociation and photo-
detachment of molecular negative ions VIII. Nitrogen oxides and
hydrates, 3500-8250 A,” J. Chem. Phys. 71, 4464 (1979).

G. ¥e Smith, L. C. Lee, and J. T. Moseley, "Photodissociation and photo-

detachment of molecular negative ions VII., Ions formed in C02/02/H20
mixtures, 3500-5300 A," J. Chem. Phys. 71, 4034 (1979).

10

———— -
WP SV PPN

i%

—— e —




V LIST OF PERSONNEL

The following Molecular Physics Laboratory personnel have participated in
the research described in this report with partial support from contract
DAAG29-77-C-0037:

John T. Moseley }
Philip C. Cosby
James R. Peterson }
Joseph A. Dallarosa ’
Gregory P. Smith
Ronald V. Hodges

- Long C. Lee

Hanspeter Helm.

The following visiting personnel, listed with their home institutions,
have contributed to the research described in this report: :

Mireille Tadjeddine Université de Paris - Sud, France .
Robert Abouaf Université de Paris ~ Sud, France i
Jean-Bernard Ozenne Université de Paris - Sud, France
Jean Durup Université de Paris ~ Sud, France

J. Alberto Beswick Université& de Paris - Sud, France
Christiane Pernot Université de Paris - Sud, France 1
Bernd A. Huber Ruhruniversitit, West Germany. i




APPENDIX A

Predissociation photofragment spectroscopy of O; quartet

states®
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Nul-iSof a(vaSoweved The " =9 lovel of ¢ (v #4) 1s shown 10 bs |.[=].] meV

sbove the O(’P,) +O°(*S *) dissccsnon lismt. providiag, '8 conpuaction with other previowsly messured
WPECIONCOPIC quANDLES, improved disocienon meergies for the O (e °T1,) and (5 °Z, ) nases, as well as for
the previowsly reportad Ox(X'I;). The lifermem of the ¥ =3-15 levels are shown 10 be
(70%15)x 10" soc for the 7°, and F', components, and (4248)> 10™"' sec for the F', and F ',
components, wh the lifotvmes of the F° and F', componsnts st immst |5 umes gramter tham the

lifottmes of the F ', snd F ', components.

. INTROQUCTION

The first-negative band system of O;, the tranaitions
between the 5 'T; and the metastable a 'Tl, states, has
been known and studied’ ! for many years. It is a rare
example of an easily observable transition between
states of such high multiplicity. Due to the prevalence
of this band system in many ionization processes in
axygen' and to the chemical reactivity’ of the resulting
a'll, state, it is desirable to have more detailed knowl-
edge of these quartet states. Such knowledge will as-
sist in the understanding of the many naturally occur-
ring and laboratory environments whers ionized oxygen
is important, and will also increase the theoretical
understanding of quartet atates.

During the past two years, several new experimental
techniques have been applied to the study of quartet
states of O;. The four potential curves most relevant
to these investigations are shown in Fig. 1. Laser
photofragment spectroscopy demonstrated’ that the
a ‘1, state can be photodissociated at visible wave-
lengths by transitions to the f*N, state (transition I In
Fig. 1). This was the first experimental observation
of the f state, and its location was shown to be approx-
imately as had been recently calculated by Beebe,
Thulstrup, and Andersen.’ Observation of the photo-
fragment current near the O'(‘s" + OC’P,) threshold as
a function of laser wavelength revealed structure® ap-
parently characteristic of the rotational and {ine struc-
ture lovels of the a ‘11, state. The dissociation was
tentatively identified as occurring via rotationally pre-
dissoctated levels of the / state (transition M in Fig. 1).
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Next, Carrington, Roberts, and Sarre showed® that
the v = 4 level of the b ‘T, state was predissociated for
rotational levels N = 9 or greater (transition I in Fig.
1, followed by dissociation). They used coaxial laser
and ion beams and the Doppier effect to scan the ab-
sorption wavelength in the vicinity of the 4985 A line of
an argon ion laser, and cbserved well-resoived rota-
tional transitions in the (4= 1) vibrational band of the
tirst-negative system. By taking advantage of the ve-
locity narrowing'®™"* in a fast ion beam. a resolution of
better than 0.01 cm™' was obtained, and lifetimes in the
range of a nanosecond determined for several of the
predissociated levels. In the more recent work,’ the
predissociation has been tentatively assigned t0 a cou-
pling with the ‘Z; state, which crosses the b state near
its intersection with the / state (see Fig. 1).

Guyon ef al., using a synchrotron radiation photon
source and the technique of threshold photoeiectron-
phototon coincidence spectroscopy, observed'’ the pre-
dissociation of both the 5 *T; state and the higher lying
c ‘T, state. They concluded that the v =4, 5, and 6
leveis of the 5 state are predissociated to the extent of
270%, and they estimated the lifetimes of the predis-
sociated levels to be =30 nsec. On the other hand,
Erman and Larsson'’ obeerved the first-negative emis-
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FIG. 1. Potential energy curves of the quartet states of 05

relevant o the present study.
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sion induced by electron impact, and found lifetimes
which increased smoothly from 1.35 usec for v =0 to
2usecforv'="

A detailed analysis'* of the O; first-negative system
was recently completed by Albritton, Schmeitekopt,
Harrop, Zare, and Czarny. This analysis included the
best experimental data available for transitions in-
cluding vibrational levels 0 through 8 of the a state and
0 through 3 of the b state. The resulting molecular
constants can be used, via a short extrapolation. in the
assignment of the cbeerved predissociated leveis, or
conversely, measurements oa these levels, if of suf-
ficient accurscy, could be used !0 turther improve the
molecular constants.

The work reported here is essentially an extension
of that reported in Ref. 8, but was performed on a new
apparatus of much higher reeoclution and sensitivity,

24 branches of the (4, 4) vibrational band of first-nega-
tive system have deen resolved for the first time, and
assigned using the abovementioned molecular constants.
Transitions of the (3, 5), (4, 5), and (4, 3) bands were
also cbserved. Further, a direct measurement of the
dissociation energy of a number of the predissociated
ievels has been made, and observations are made on
the lifetimes of these levels.

Il. EXPERIMENTAL PROCEDURES

The experiments wers performed using a new laser-
jom coaxial beams spectrometer'’ '* which has been
described in detail elsewhere. The O] ions are formed
in a hollow-cathode discharge source, accelerated to
3 kaV, mass selected by a 48° sector magnet, colli-
mated to 2 mrad and bent through 90° into the laser in-
teraction region using s specially designed'’ quadrupole
deflection system. Tunable lasers can be made either
coaxial or crossed with the ion beam. Following the
laser interaction region, photofragment O’ ions are
bent through 90° and directad into an energy analysis
system with an angular resolution of 2 mrad. This
system,"® conststing of a decelerating lens and hemi-
spherical energy asalyser, had a resolution of 3000
with respect to the laboratory beam energies in the
present experiments. lons which pass through the en-
ergy analyzer are detected by a continuous-dynode
electroa multiplier and counted in a multichannel ana-
lyzer.

Two cw jet-stream tunable dye lasers were used, one
crossed and one coaxial with the ion beam, pumped by
argon and krypton ion lasers. The polarization of the
iaser crossed with the ion beam was always parallel to
the beam direction. This iaser was arranged 80 that
the ion beam passed through the laser cavity, in order
to enhance the photolragment current, The poiarigation
of the laser coaxtial with the ion beam was necessarily
always perpendicular to the beam direction. Proper
account was taken of the approximately 2.8 A Doppler
shift with coaxial beams, and in order to have only one
Doppler component, the extracavity laser beam was
used. Each laser had a iine width of about 0.2 A, The
wavelength was measured in air using a monochromator

m

with a resolution of 30000 (approximatefy 0.2 A at
5800 A), and corrected to the vacuum wavelength.

The primary experimental data were scans of the
laser wavelength from 5750 to 5870 A, covering all of
the expected (4, 4) and (5, §) transitions while observing
the photofragment current for {ragment ions corre-
sponding to total separation energies W centered at 0,
12, 25, 30, and 100 meV. Spectra at W=0 were also
aobtained for the (4, 5) transition (6090 to 6210 A) and
for the (4, 3) transition (5430 to 3550 A). Such scans
are designated predissociation spectra. At selected
fixed wavelangths, photofragment energy spectra were
obtained by scanning the energy analyzer. Finally, a
few spectra were obtained using a single-mode laser
coaxial with the ion beam to demonstrate the very high
resolution that can be obtained using this technique,
and to obtain estimates of the lifetimes of the dissociated
leveis for comparison with the recent work’ of Carring-
ton, Roberts, and Sarre.

11l. EXPERIMENTAL RESULTS
A. (dentificstion of the tramsition

The predissociation spectrum obtained for W =0 with
crossed beams is shown in Fig. 2. The W =0 spectrum
abtained for coaxial beams is essentially identical,
since the angular acceptance of the apparatus is such
that there is no angular discrimination for photofrag-
ment ions whose energy is less than 12 meV. The reso-
lution of the peaks in this spectrum is seen to be about
0.2 A, and the uncertainty in the absolute wavelength
scale is also about 0.2 A. From the width and spacing
of the peaks it is clear that rotational structure is re-
solved.,

The first task is to identify the optical transition re-
sulting in the predissociated levels. Previous work*"
suggests that the {iret-negative (4, 4) transitions are
respoasible, but rotationally-resoived spectra have not
been previously obtained, and there exist at least two
other types of transitions’ which could result in a highly
structured cross section near W= 0.

The wavslengths for the transitions expected for the
tirst-negative (4, 4) band can be calculated using the
work of Albritton ef al.' Because of its high multi-
plicity, the structure of thia band is quite compiex.
Figure 3 shows schematically the expected transitions,
along with the relevant quantum numbers and their des-
ignations. The lower a ‘71, state is split by the spin-
orbit interaction into four sublevels denoted ‘Nlg. In the
order of increasing energy, these subleveis are
My " =3/2) "My, dE"=1/2), "N T =-1,2) and
‘N, (L"=-3/2) where 2= Ai+Z, and A and T are
the projections of the orbital and spin angular momenta,
respectively, on the internuclear axis. The total angular
momentum quantum number in this Hund's case (a)
limit is J". Although each J” level is \ doubled, only
negative parity levels are present, since ‘*O; is a homo-
nuclear molecule whoee nuclei have rero nuclear spin.
In the upper b °Z; state each V' rotatimal level consists
of four closely-spaced spin components F(J' « N'+3/2),
FUJd s N« 1/2), FyJ e N' = 1/2), and FYJ' s ¥ =3/ D),
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FIG. 2. Predissocistion photofragment spectrum for O obtained for separation energy W = 0 from 5770 to 5860 A. The noted
transition wavelengths are for the QR(d,v’ =4 —a,v’’ = ¢) band, calculated as discussed in the text.

where J' is the total angular momentum quantum num-
ber and N’ is the nuclear rotation quantum number.
Due to the nuclear spin statistics, only odd-valued N’
levels, which have positive parity, are present. For
this *Z; state, treated as Hund's case (b), Q is not a
good quantum number. For simplicity in designating
transitions between these two states, a quantum num-
ber F may be associated'® with the ‘¢, designation
of the a state, F; with ‘I;,4, F; with ‘,,,, and F{
with 'l1.,,;. This, of course, would be the Hund’s case
(a) designation for this state. Transitions between the
b and a states can then be uniquely designated by P, Q,
or R, depending on whether AJ is - 1, 0, or +1 sub-
scripted by F'F”. For example, the transition to the
far left of Fig. 3, Py, corresponds to &J=-~1, F'=2
and F"=4,

It can be seen from Fig. 3 that in principle 48 transi-
tions can be observed which obey the selection rule

-, 2 o, 2 ‘“3/2 ‘“91‘
Oz¢ (@4, v: = @)

¥ FIG. 3. Transitions which can occur to the (8 *Z;, v = 4, N’ = 9)
leveis of O} from (e ‘M, v’’ = 4) levels.

AJ=0, £1, and terminate in a given N’ level of the b
state. However, with the present resolution of 0.2 A,
only 24 branches can be resolved, 16 of these consisting
of blends of two or three of the transitions of Fig. 3.
Even in the highest-resolution optical spectroscopy only
40 branches can be resolved. Table I shows the pure
branches and the branches that can be resolved in the
present work, as well as the branches that have been
resolved by high-resolution optical spectroscopy for

the lower vibrational levels of the b state.

In order to calculate the expected transition wave-
lengths for comparison with the data of Fig, 2, the
G(v, J) energies of the a and b states must be deter-
mined. The molecular constants of the v" =4 and §
levels of the a state are well known (see Table VI, in
Ref. 13); the constants for the v’ = 4 and 5 levels of the
b state were determined using the Dunham coefficients
from Table IX of Ref. 15. The G(v,J) energies were
then computed by diagonalization of the Hamiltonian
whose matrix elements are defined in Tables I and I
of Ref. 15. All molecular constants used for the inter-
pretation of the (4, 4) and (5, 5) bands are given in Table

TABLE 1. The unblended branches, bleaded [ | branches ob-
served in this work, and the high-resolution blended ( ) branch-
es (Ref. 15) of the O3(b ‘Z; —a*'N,) band system.

———————
et Y -y, ‘Tmtn,,
Py Py Pyy Py
Py Q) [Py Quyl [Py Q2! Py Qul
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TABLE 1I, Molecular constanta used for the interpretation of the spectra. All units are cm™.

plgyt v IO B D10y (10 €«

3 22138.4 1.183443 6.6657 ~10.3¢ 0.1450
4 21112.40 1.186547 6.5583 -9.6 0.1450

d‘n.. v’ Tre A B D"(lo.‘) P

.

q"(lo-‘) P"(lo") yt

3 4888.798 -47.835 1.01930 5.26 0,640
4 3935.283 =4T7.777 1.03491 5.39 0.833

-1 3.1 0.189
A 8.0 0.188

“The molecular constants of the b *; state have been deduced from the Dunham coefficients

(Table IX in Ref. 15].
‘From Table VIl in Ref, 15.

“The origin is the energy of the v’’ =0 vibrational level of the a‘n. state.

0. The energies here are referenced to the v " =0 level
of the a 'l1, state, as defined by Albritton ef al.'* Deter-
mination of these energies relative to the O(*P,) + O°(*s°)
dissociation limit (and hence to the ground state of Q,)
will be discussed later.

The results of these calculations for the (4, 4) band,
rotational levels N'=9, 11, 13, and 15, are shown in
the upper part of Fig. 2. Comparison with Table I
shows that the branches expected to be resolved are in-
deed resolved. Clear evidence is seen in Fig. 2 for
22 of the possible 24 branches; there is some imdication
of the R,,, but no indication of the P,,, which is at about
5865 A, is shown there. Both of these transitions, how-
ever, have been clearly observed using longer counting
times. All of the observed structure can be explained
by the indicated transitions,

Characteristically, the peak corresponding to N'=9
is the most intense for each branch. This is not due
primarily to population differences or vibrational line
strengths but to the energy resolution function of the
apparatus. With the energy resolution set nominally
at W=0, the analyzer will discriminate more and more
strongly against the higher rotational levels. We shall
discuss this point in more detail in a following section.

B. Dissacistion energies of the V' levels

Before attempting to understand in detail the depen-
dence of the predissociation spectra on photofragment
kinetic energy, it is important to establish the dissocia-
tion energies W (N’, °P;) of the various N’ levels with
respect to the O(*P,) + 0(‘S% dissociation limit, These
dissociation energies can be calculated from the cycle"

WAN',’Py) + IP(O’Py) + Dot Oy X)
=E(Ogd)+ E(Ogb, v’ = 4,N"), (1)

where E(O;d,v = 4,N") is the energy of the designated
level above the v’ =0, N’ =0 level of the b state. For
N’s9, this energy has been caiculated to be 4552. 1
+0.5 cm*' using the mc.~cular constants of Table I,
The other quantities in Eq. (1) have well-established
values and uncertainties: the first ionization potential
of O*P), . 2{0°Py), is" 100837.0220.068 cm™, Dg(CyX)
18" 4126015 cm™', and the energy of the v=0, N=0
level of the b state above the v =0, V=0 level of

Oy X ’Z;), E(Ojb), is® 14655642 cm™'. This yields

W(9,2P;) = 1. 43¢ meV, where the lower limit of zero
is set by the fact that photofragments that arise from
the N’ =9 level are observed.

It is possibie to obtain a better value for W9, *P,)
directly by measurement of the photofragment kinetic
energy. Figure 4(a) shows such an energy spectrum
obtained for the (Py,, @z, Rys) transition at 5848 A. The
half-width at half-maximum of this peak corresponds to
2.2 meV separation energy, indicating that W,(9, °P,)
=2.2 meV. Thirteen separate measurements were
made on various peaks corresponding to N'= 9, estab-
lishing 2.2 meV as a firm upper limit on W (9, ’P,).
Thus the value 1.1+ 1.1 meV is adopted for W,(9, 'P,).
This allows calculation of the W, values for the other
N’ levels, and upper limits for these W, values can also
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FIG. 4. Photofragment kinetic energy spectra for the Py, O
Ry} transitions terminating in the N’ = 9 level of the b state
{(a), and in the N’ =13 level (b).
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TABLE Ill. Rotational N’ levels of the O}(b ‘Z;, v’ = 4) with
their kinetic energies of separation W calculated with resp
to the OCP, ; o) dissociation limits, and the ufoﬂmmny
determined upper limits with respect to the OCP,) limic.

Calculated{ W (9,'P;) = 1.1 meV]

Measured
Upper Limits

N OoiRy) ocp) ° ofpy (meV)

[ 118 2.2
n 7.2% 8.7
13 14.8%° 16.7
18 23.1%¢ 3.1 24.5
17 32.8¢ 12,8 4.8% 38.7
19 43.6%4 23.6° 15.6™* 48.3
21 55.7¢ 35.7¢ 27.6%° 58.2
23 68.8? 48.8" 40.8%¢ 73.4
28 83.1 63, 1% 55.1%°
L

Observed in the W = 0 spectrum.
“Observed in the W =12 meV spectrum,
‘Observed in the W = 28 meV spectrum.
“Observed In the W =50 meV spectrum.
*Observation not {irmly established.

be measured experimentally. Table II gives caeasured
limits and calculated values for the N’ levels 9 th: ough
25, with respect to the possible *P; , , diseociac..»
limits.

It has been poir ted out'" that this direct measurement
of W,(9, 'P;) allows a better determination of the dis-
sociation energies for the Oy(X °T;), Oy'a ‘N,) il
O3(b °T;) states. The determination of tae dissociation
energy D(O, X ’Z;) has been discussed in detail,'* and
the value shown to be 41262+ 10 cm™, In an analogous
way, the dissociation energy for the lowest existing
level of the a state can be shown to be D(O ‘T, v =0, J
224,021)=212762 10 cm™, and of the b atate to be
DO *L;,v=0,N=0)=20411210 cm™.

C. Dependence of the spectrs on photofragment energy

In order to understand the dependence of the predis-
sociation spectra on photofragment energy, it is neces-
sary to discuss the collection efficiency of the apparatus
as a tunction of energy and angular distributions. Fig-
ure 5 shows a velocity diagram of dissociating ions for
two values W, and W, of the separation energy. The
apparatus acceptance angle a for photofragment ions is
2 mrad, the parent ion beam energy is typically 3000
eV, and W, for the work reported here, is on the range
0-100 meV. Thus the maximum angle in the center-of-
mass {rame which is subtended by the detection system
is given to an excellent approximation by

o=in(aVT/W). (2)

As has already been mentioned, there is no angular
discrimination for photofragment ions whose separation
energy W is less than 12 meV. Ions of higher energy
wi'l be recorded if they are ejected {nto a cong whose
ap x half-angle decreases with ensrgy. For ions of
100 meV, this angle is 20.3° in the center-of-mass
frame.

The effect of the energy resolution window can.also
be seen in Fig. 5. With an analyzer resolution width
in the center-of-mass, AW,, photofragments of energy
W, will be detected if the jons are ejected into the por-
tion of the sphere indicated by the solidarc AB,; photo-
{ragments of energy W; will be detected only if they are
ejected into that portion indicated by A;A; and B, B;.

With the analyzer centered at W =0 (in this homo-
nuclear diatomic case, to pass ions of energy iT,), the
maximum energy photofragment which can be detected
corresponds to T=4(T,+ A7), where AT is the energy
resolution, assumed here for simplicity to be a step
function. Although the energy analyzer resolution is
about 1 eV, the ion beam has an energy width of about
2.5 eV for the discharge source used here, thus the
overall energy resolution will be limited to 2.5 eV,
From the expression®® relating the observed laboratory
photofragment energy T to the separation energy W,

T=§{Te+ W)+ VWTy, (3

it can be shown that the energy resolution AW for center-
of-mass energies is

AW = AT /4T, (W =aT*/4T,);
AW = 20T(W/T )Mt (W> aTY/4T). (4

Although the centér-of-mass energy resolution at
W = 0 implied by these equations is 0.5 meV for aT
= 2.5 eV, photofragments ejected at higher energy but
perpendicular to the beam direction can be detected un-
til they are cut off by the angular collimation at 12 meV.
Figure 6 shows a calculated collection factor function,
for a=2 mrad, W=0, and AT =2,5 eV, taking into ac-
count as well the fact that the angular distributions of
the photofragments will be different’® when the laser is
polarized parallel (crossed beams) or perpendicular
(coaxial beams) to the ion flight direction. This collec-
tion efficiency is certainly not precisely correct, par-
ticularly in that the sharp cut-off at 12 meV would be
smoothed out and extended to higher energy if a more
realistic energy resolution function such as a Gaussian
were ugsed, However, it does show quite well the ob-
served behavior, as can be seen from the experimental
points taken from the heights of the peaks in the spec-

FIG. 5. Velooity diagram of dissociating ions for two values
W, snd W, of the separstion energy.
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COLLECTION FACTOR
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SEPARATION ENERGY W(meV)

FIG. 6. Calculated collection efficiency functions for separa-
tion energies W=0 and W=12 meV. The dashed curve was
calculated for parallel laser polarization; the solid curve for
perpendicular polarizaiton. The separation energies for the
N*=9~15 levels are all with respect to the *P, dissociation
limit, except for the N’ = 15 level indicated *P,. The data points
{x) show the ohserved relative peak heights in the W = 0 spec-
trum, normalized for the N’ =9 pesak to the solid curve.

trum corresponding to N'=9, 11, 13, and 15. The N’
= 9 peaks were normalized to the solid curve, then

the other peak heights were multiplied by the same
normalization factor. The peak heights were not cor-
rected to account for different rotational line strengths
nor for the (unknown) population distribution in the
a'm, state.

The placement of the N'= 15 data point in Fig, 6 at
23.1 meV, corresponding to dissociation to the O(*Py)
limit, is not necessarily correct, since ions from this
rotational level can also dissaciate to the *P, lUmit with
W=3.1meV, Recall that Table Il shows the rotational
energy levels N’ =9 through 21 compared to the three
O(*P,, ¢) dissociation limits., We might expect a simply
statistical branching ratio, which for N'= 15 would im-
ply that 3/8 of the intensity would appear in the ‘P,
channef, 5/8 in ’P,. If this were true, then in the #

=0 spectrum the N’ = 15 peak should probably be more
intense than the N’ = 13 peak, which can dissociate only
to the *P, limit. Future work will be directed toward
the determination of 2 more precisecollectionefficiency
function, as well as to the determination of the branch-
ing ratios to the three dissociation limits.

As the energy analyzer is adjusted to higher energy,
the width of the collection efficiency function will in-
crease [see Eq, (4)], and the total collection efficiency
will decrease due to the decreasing angular collection
efficiency [see Eq. (2)]. The collection efficiency func-
tion calculated for W, =12 meV is also shown in Fig. 6.
This calculation shows that we should see photofrag-
ments with kinetic energies between 9 and 27 meV. In
tact, the real range may be slightly broader. We thus
expect that in a spectrum obtained at 12 meV the major
peaks will correspond to dissociation of the N' =13 and
15 levels (see Table III), with the further possibility of
observing N' = 17 levels dissociating to the *P, limit and
N’'=19 levels to the *P,. Figure 7 shows a portion of
the W =12 spectrum for the (4, 4) band, with calculated
transitions indicated at the top of the figure. Clearly,
the observed spectrum is well explained by dissocia-
tions from N’'=13, 15, and 17 levels, Three very small
peaks, labeled a, 4 and f, do not correspond to any
transition terminating in N’ =13, 15, 17, or 19,

In a similar manner, a spectrum obtained for a nom-
inal W = 25 meV should yield photofragments between
21 and 41 meV, yielding possible N' levels 15, 17, and
probably 19 to °P,, 19 and 21 to P, and 21 to °P,. In
fact, peaks are observed corresponding to all of these
N’ levels, as ig shown in Fig. 8. Again, small peaks
are observed which do not correlate with any of the pre-
dicted transitions. They are labeled a—e in the figure.
The peaks a and d are in the same locations as the
peaks so labeled in the W= 12 meV spectrum. The peak
labeled f in that spectrum also appears here, but may
be accounted for by a Py, @y (N'=21,3P,) transition.

FIG. 7. A portion of the O
(b,v'=4+—a,v’” =4) band ob-
tained with the energy analyzer
set for W =12 meV,
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Figure 9 shows a W= 50 meV spectrum, which should
yield photafragments between 45 and 87 meV. This
would allow N’ levels 19, 21, and probably 23 to °p,,

23 and 25 to °P,, and 25 to °P,. Again, peaks are ob-
served corresponding to all of these N’ levels, with the
possible exception of N’ =25, which is inconclusive.

All of the peaks labeled a-{ in the previous spectra are
seen to correspond reasonably well with transitions
indicated here, with the exception of peak e. Apparently
the apparatus can detect a small fraction of the photo-
fragments with separation energies as large as 55 meV
when adjusted for a nominal W of 12 meV. Obviously,
the efficiency for transmission of these higher energy
photofragments is much lower then for photofragments
in the expected 9-27 meV range.

D. Lifetimes of the predissocisted levels

We have previously demonstrated? the capability”of
our apparatus to obtain much higher resolution than
that of the spectra in Figs. 2 and 7-9, using a single-
mode laser coaxial with the ion beam. Rather than fine
tuning the laser by conventional techniques, the absorp-
tion wavelength is tuned by varying the ion beam veloc-
ity.** A spectrum obtained in this way is shown in
Fig. 10, where the three components of the peak labeled
Py, Qe Ry (N’ =9) of Fig. 2 are resolved. Thus the
lines normally blended'* in even high-resolution optical
spectroscopy (see Table I} are easily resolved. Mea-
surement of the absolute transition energies to a higher
accuracy than the optical data (0,03 cm™") is difficult,

0.8 T T T
Y T ]Q“, RM
N =19 21 23

25 3P, o)

0.5 [P Qa.[Rag

Pa1. Qyyl v

Py Q¢ Ryl

P2 Oy

P33, Qg. Ryl

RELATIVE PHOTOFRAGMENT CURRENT

FIG. 9. A portion of the O3
{b,v' =4 —4a,v’* =4) band ob-
tained for W =50 meV.

ABSORPTION WAVELENGTM (A)
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FIG. 10. Velocity-tuned spectrum obtained with a single mode
laser coaxial with the ion beam, The three components of the
peak labeled Py, Qy, Ry W’'=9) of Fig. 2 are resolved.

but in principle possible. The locations of the transitions
relative to each other can be measured to about 0. 003
em”. The relative intensities of the lines can also be
measured and compared with calculations.?' It is thus
possible to do a very high resolution study of the pre-
disgociated levels of Oj(b ‘T;) and better determine the
molecular constants for this state as well as learn more
about the predissociation process. Such a detailed
study t8 currently underway.

One feature of these high-resolution results is rela-
tively easy to interpret. The widths of the peaks in
spectra such as Fig. 10 yield information on the life-
times of the predissociated levels, assuming the line-
width is not dominated by the Doppler width of the ions
in the beam or by the effects of angular divergence of
the beam. For an ion beam energy spread of 2.5 eV,
the Doppler width is 120 MHz and for our apparatus the
angular divergence adds about 20 MHz to the width. In
the spectrum, the Ry, and Q,, peaks are about 460 MHz
wide, while the P, peak is about 300 MHz wide, clearly
demonstrating that the linewidths are not dominated by

the instrumental width, Measurements on a number of
transitions corresponding to N =9, 11, 13, and 15 yield
linewidths between 450 and 480 MHz for the dissociation
of Fy and Fj levels, and between 250 and 350 MHz for
F{ and F; levels. No strong dependence on NV’ is ob-
served. After an approximate correction for the in-
strumental width, we obtain lifetimes of {70 + 15)

x10-"! gec for the F; and F; levels, and (42 8)x 107" sec
for the F; and F, levels. The ratio of these lifetimes
was consistently 1.5 or greater. These lifetimes are
in excellent agreement with those obtained bv Carring-
ton, Roberts, and Sarre’™ for the same dissociating
levels by observing the (4, 1) band in an experiment
very similar to the one reported here. They are also
consistent with the upper limit of 50 nsec by Guyon

et al.'’ The much longer lifetimes (1.35 to 2 xsec) ob-
tained by Erman and Larsson'' do not seem to apply to
these predissociated levels, although such a lifetime
would be very reasonable for the nonpredisgociated
levels (N'<9). Predissociation lifetime measurements
are needed on the v'=5, 6, and 7 levels for further
comparison with Ermann and Larsson’s measurements,

E. The (5.5) band

Figure 11 shows a part of the spectrum obtained for
W=100 meV. From the model of the apparatus collec-
tion efficiency, photofragments with energies between
92 and 120 meV should be observable in this spectrum,
In this energy range, photofragments can be produced
from two bands:

Osla, v =4)=Os(b,v' =4, V"), 27T=N"=31,

Osla,v"=5)=0s(b,v'=5,NV), 3=sN¥'=13,

Two arguments favor the (5, 5) band. First, a reason-
able rotational temperature would not result in signifi-
cant population of the /" levels which can undergo tran-
sitions to the N' =27 to 31 levels. At 300° the most
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100 meV }
a5 - Qy3. P23 Pa3. Q33. Raal j ! T

Py T ] . R
N =7 9 1 2 13 150‘3 »

Qqq. R34l ' v i Pyz. QT
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03— FIG. 11. A portion of the O}
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b,y =5—a,v’" =5) band ob-
tained for W =100 meV.
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FIG. 12, Predissociation phowfrngment spectrum for O} ob-
tained for W =0 from 6195 to 6095 A, The noted transitions are
for O3(b,v' =4 —a,v’' =5,N"=9), calculated as discussed in the
text.

probable J*' is 11, More definitively, the calculated
transitions for the (4, 4) band do not agree well with the
observed peaks, while those for the (5, 5) band do agree.
Calculations of the (5, 5) transitions are shown on Fig.
11. To explain all of the observed peaks, it is neces-
sary to consider also the N’ =15 level of this band, but
we have already seen that the apparatus detects photo-
fragments with slightly higher energy than predicted

by the model. The N’'=3 and 5 levels were not calcu-
lated, but do not appear to be necessary to explain the
obgerved structure. The corresponding rotational
levels of the a state would not be expected to be strongly
populated,

F. Other bands

In addition to the (4, 4) band, which has beendiscussed
in detail, and the (5, 5) band (Fig, 11), which has been
more briefly considered, the (4, 3) and (4, 5) bands were
also observed for W=0. The (4, 5) band, with the peaks
corresponding to V' = 9 identified, is shown in Fig. 12.
This figure and Fig. 2 are very similar, as expected,
and the same branches are observed. Similar results
were obtained for the (4, 3) band. As previously dis-
cussed, Carrington ef al.® have studied this predisso-
ciation in the (4, 1) band.

V. CONCLUSIONS

The predissociation of O; observed in the 5750 to
5870 A region is due primarily to the (4, 4) and (5, 5)
bands of the first-negative system b ‘;~a'll,. The
predissociation in the 6090 to 6210 A region is similar-
ly due to the (4, 5) and probably (5, 8) bands of this same
electronic transitions, and that in the 5430 to 5550 A
region to the (4, 3) and probably (5,4). Thus the earlier
identification® of this predissociation with the transition
f‘n,-a ‘I, was incorrect. In this same wavelength
range the direct dissociation via the f state is also sig-
nificant.

Measurement of the kinetic energy of photofragments
from the (v'=4, N'=9) level located the rotational and

J. Chem. Phys., Vol. 69, No. 2, 15 July 1978
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vibrational levels of the b ‘T; state with respect to the
O(*P,) + O°(*s% dissociation limit to higher accuracy
than previous optical spectroscopy results, leading to
improved dissociation energies for this state, the a‘Nl,,
and, as previously reported,'® O,(X °T;).

A single mode laser and velocity tuning were used to
resolve the fine structure components of some of the
observed transitions in the (4, 4) band. From the widths
of these peaks, lifetimes of (70 15) » 107! sec were de-
termined for the F; and F, components, and of (42 « 8}
x10"!! sec for the F; and F;, with the lifetimes of the
F| and F, components at least 1.5 times greater than
the lifetimes of the F, and F, components.
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APPENDIX B

Predissociation lifetimes of the rotational and fine
. structure levels of O,"(b*:7, v=3,4,5)

J. T. Moseley and P. C. Cosby

Molecular Physics Laboratory, SR International. Menlo Park, California 94025

J.-B. Ozenne® and J. Durup

Laboratoire des Collisions Atomiques et Moleculatres.
Unwersite de Pars-Sud. 91405 O.say. France
(Recerved 30 August 1978)

A fast 1on beam coaxial with a single mode laser has been used to measure the absorption linewidths of
predissociated levels of O (b*E,”. v = 3.4,5) by detection of the O photofragments. Tuning of the
absorption length was plished by a bi of intracavity etalons and varation of the ion
beam velocity (Doppler tuning). Lifetimes were determined for the b state fine structure levels of
rotational levels N =31 and 33 of "O5j(v=3), N=9-25 of '*O;(v=4), N =1427 of

0 (v =4), and N =5-7 of '*0; (v =5). The lifeumes vary from 0.06 10 4 nsec. Variation with all

d

rel bers and with p position is di

I. INTRODUCTION

Photodissociations in the lowest-lying quartet system
of O; have been the subject of substantial recent study
since the demonstration that the metastable a ‘n_ state
could be photodissociated by transitions to the repulsive
part of the f'II, state,' and that a highly structured pre-
dissociation could also be observed.’ The four potential
curves relevant to these photodissociations are shown
in Fig. 1. The direct dissociation to the f'TI, state is
indicated by transition I in this figure, Carrington,
Roberts, and Sarre® identified the predissociation as
due to transitions from the a ‘I, state to the v =4 level
of b ‘Z;, where rotational levels N'=9 or greater are
predissociated. These transitions are indicated by II
in Fig. 1. The first observation that O; could be photo-
dissociated at visible wavelengths was made by Vestal,
Mauclaire, and Futrell, ¢ although this work did not
include an identification of the states involved.

Tadjeddine, Abouaf, Cosby, Huber, and Moseley®
made a detailed investigation of the (4, 4) band of transi~
tion II, and a less detailed study of the (5, 5), (4,5) and
(4, 3) bands, all at 0.2 A resolution. This resolution
was sufficient to resolve 24 of the possible 48 branches
in each of these bands, and to confirm the identifica-
tions™® of the predissociated levels. Direct measure-
ment of the photofragment kinetic energies also allowed
improved determination of the Oj(a ‘ll,), O3(bz;), and
0,(X*Z;)! bond energies.

Investigations into the lifetimes of the predissociated
levels quickly followed. Guyon ef al.,® using a synchro-
tron radiation photon source to photoionize O,, observed
the predissociation of both the b‘Z; and the higher-lying
c'z; state, and set an upper limit on the lifetimes of
the predissociated levels of 50 nsec. On the other hand,
Erman and Larson® observed the first negative emission
0;(a= ) ina. “ed by elestron impact on O,, and found

“mternational Fellow at SRI International, 1877-78 academic
year,

YAssociated with the Centre National de la Recherche Scien-
tifique.
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lifetimes which increased smoothly from 1. 35 usec

for v'=0 to 2 usec for v' =7, However, a recent re-
evaluation of the data (private communication) showed
that all observed emissions corresponded to vibrational
levels v' =0-3.

In a recent work,® Carrington, Roberts, and Sarre
were able to measure the linewidths for 13 levels of
v' =4, using a technique similar to that to be described
in detail here. They obtained lifetimes of the F| and
F{ levels of about 0.6 nsec, and of the F; levels of about
0. 4 nsec, and suggested that the major contribution to
the predissociation was made by the ‘E; state. Tadjed-
dine et al.,’ in work preliminary to that reported here,
obtained lifetimes of (0.70 0. 15) nsec for F{ and F,
levels, and of (0.42 £0.08) nsec for F, and F; levels.
However, in neither of these works were a sufficient
number of transitions studied to allow a more detailed
investigation of the variation of the lifetimes with the
various quantum numbers involved, nor were the life-
times of the v =5 levels or of isotopic O; studied.

The purpose of the work reported here is to provide
a much more extensive data set upon which a detailed
study of this predissociation can be based. To this end,
over 1000 transitions have been studied, involving vibra-
tional levels 3, 4, and 5, rotational levels between 5
and 33, and both normal and isotopic O;. A first attempt
at interpretation of the results is also made, which is
in some cases definitive while in others only qualitative
or suggestive,

if. EXPERIMENTAL PROCEDURES

The apparatus used to obtain the data reported here
has been described in detail elsewhere, '° as has its
application to the normal photofragment spectroscopy
of Ar;"" and Krj, ' and to the predissociation photofrag-
ment spectroscopy of O;.° The specific type of experi-
ment reported here is discussed in Ref. 10, Sec. III. A,
and in Ref. 5, Sec. OI.D.

Briefly, a single-mode tunable dye laser, pumped by
an Ar or Kr ion laser, is made coaxial with a fast beam

®© 1979 Amenican Institute of Physics
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FIG. 1. The lowest-lytag quartet potential curves of Of.

of O; over an interaction length of about 30 cm. The O}
is formed in a hollow cathode discharge source, accel-
erated to 3600 eV, and collimated to 2 mrad before
being bent into the interaction region. In this region,
the beams are surrounded by an electrostatic cage which
can accelerate or decelerate the ion beam, thus using
the Doppler shift to tune the absorption wavelength in
the ion center-of -mass frame. If an absorption occurs
which results in a photodissociation, the QO° photofrag-
ment can be detected after passing through an energy
analyzer,

The ability to obtain linewidths that are substantially
more narrow than a Doppler-broadened line at room
temperature arises from the narrowing of the velocity
distribution in an ion beam when it is accelerated. This
effect has been discussed’’ and exploited™ %!+ py 5
number of researchers in the past three years., The
velocity narrowing arises very simply {rom the fact
that a population of ions with an energy spread AE which
is extracted from an ion source and accelerated to an
energy £ maintains this energv soread AE; however,
since £ = {mv?, the velocity spread at an energy £
>>AE is substantially reduced from its value before
acceleration. In fact, an ion beam with a 1 eV energy

1475

spread has at 3 keV laboratory energy a velocity spread
corresponding to less than 1°K.

The experimental data are obtained in the following
way: A beam of O; ions is established at an energy of
3600 eV. The single-mode laser is tuned by tilting its
etalons until its Doppler-shifted {requency is in the
vicinity of one of the absorptions already studied in de-
tail® at lower resolution (0.2 A). The velocity of the
beam is then scanned by varying the potential on the
electrostatic cage. As the absorption wavelength ia
Doppler tuned into resonance with a transition, photo-
fragraent ions appear at the energy analyzer. If the
energy analyzer is set to pass ions of the energy of these
photofragments, counts are observed at the detector.

A typical scan is shown in Fig. 2. Such a scan, which
covers about 0.5 cm™', required a variation in the ion
beam energy of approximately 500 eV. The kinetic
energy (and hence absorption wavelength) scan is con-
trolled by a muiltichannel scaler, and thus each channel
of the scaler corresponds to a specific absorption wave-
length, The wave number listed at the center of Fig. 2
is that of the single-mode laser beam. The abscissa of
Fig. 2 gives the Doppler shift {from that value due to
the ion velocity. The absolute value of the wavelength
was determined’’ using a digital wavemeter interfer-
ometer'® to an accuracy of 0.003 cm™.

The designations of the peaks give the values of the
relevant quantum numbers, except for vibrational level,
which was v’ =4 here. These quantum numbers will be
defined in the following section. The identification of
the peaks was made using calculations based on the O}
molecular constants of Albritton, Schmeltekopf, Harrop,
Zare, and Czarny,'? as previously described.’ A de-
tailed description of this identification, the determination
of precise transition energies (+0.003 cm™) for the
(4, 4), (4,5), and (5, S) bands of O, and the improvement
in the Hamiltoniar . “scription of the a ‘I, and 4 ‘Z;
states have been su:.nitted for publication. !’

T T T T T
17252.797 = 0.003 cm-!
S 191 Qg
w
@
- 4
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the N‘=14 level is 223 MHz, while the least-squares

fit extrapolates to 213 MHz at zero line strength. Simi-
larly, the average for the N'=9 level is 207 MHz, while
the extrapolated value is 287 MHz. This effect was
noted for other levels where sufficient data were taken
to justify such an analysis, and the extrapolated values
were (412)% lower than the simple averages. Thus, for
other levels where sufficient data did not exist to make
a least squares fit, the average values were simply re-
duced by #%.

The contribution due to the velocity spread in the
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400 T T T T T T
£
Z 300} 7
E ¢ o .‘ -
> [ ]
Z 200 . .
z
pur]
O
T
0 I S | I 1 1
0 10 20 30 40 50 60 70

LASER POWER {(mW)
FIG. 3. Dependence on laser power of the observed linewidth
for the [13]P,, transition.

The fact that the peaks in Fig. 2 have different widths
indicates that the linewidths are not dominated by the
apparatus-induced Doppler width, but contain informa-
tion about the natural lifetime of the levels. The Dopp-
ler contribution to the linewidths arises from three
sources; the velocity spread in the ion beam, the angular
divergence between the ion beam and laser in the inter-
action region, and the jitter of the single-mode laser.
These contributions can be calculated from measured
experimental parameters,

Another factor which can lead to broadening of the
peaks, but is neither Doppler nor Lorentzian in char-

acter, is saturation of a transition, and powerbroadening.

Carrington, Roberts, and Sarre observed® broadening
at laser powers around 1 W, and obtained the lines used
to determine lifetimes at laser powers low enough that
this broadening was stated to be eliminated. We have
investigated this broadening in two ways,

The most obvious type of investigation is to measure
the width of a line resulting from a given transition as
a function of laser power. Such a measurement for the
[13]P,, line is shown in Fig. 3. The solid line is a
least-squares fit to these points. The power dependence
for this line is seen to be very small, and data obtained
at laser powers below 20 mW should yield good line-
widths for this transition,

The [13)P,, line has a relative line strength of 4.5, as
calculated for us by D. L. Albritton. Line strengths
for the transitions used in this research varied from
about 0.1 to 40, Clearly, the stronger lines will be
susceptible to saturation at lower laser powers., An
alternative way to investigate this effect is to access
a given predissociated level with transitions of varying
strength, using fixed laser power., An example of such
an investigation for a laser power of (15+5) mW is
given in Fig. 4. The triangles are linewidths measu~ed
tor the (v'=4, N'=14, F}) level of the b state of %%,
accessed by a large number of transitions of widely
varying strength, The circles are linewidths measured
similarly for the (v'=4, N'=9, F|) level of the b state.
The solid and dashed lines are least-squares fits to
these points, respectively.

Clearly, there is a weak dependence on transition
strength, The average of the linewidths measured for

beam can be written

AE
—_—=—=2.311 10.5 _—
" 2.317x =3 (1)

where Av is the Doppler linewidth for a line at frequency
v due to a velocity spread Av caused by an energy spread
AE. The ion beam energy spread can be determined by
direct measurement with the energy analyzer. Since

the analyzer has a resolution of 0.3%!° of the trans-
mitted ion energy, a most accurate value will be ob-
tained by measuring the energy distribution of the ions
over a range of energies, and extrapolating the full
widths at half-maximum to zero transmission energy.
Such a procedure, for the ion beam transmission energy
varied from 83 to 883 eV, ylelds (1.55:0.20) eV for the
ion beam energy spread. Thus, Av for a 3600 eV beam
and v=17200 cm™ has the value 0.0018 cm™, or 54
MHz.

The effect of the angular divergence, equivalent to
the fact that the ion and laser beams are not necessarily
precisely coaxial, can be similarly calculated using

Av _ay(8) vé® 5
=TS =30 =2.31Tx10 ONE/m , ()

where 6 is the angle between the ion and laser beams.
For the geometry of the interaction region, 6 has a
maximum value of 1.3%10°? rad, and is probably sub-
stantially smaller than this, Thus, Av from this broad-
ening is at most 0.0005 cm™, or 15 MHz.

The jitter in the single-mode laser can be observed
directly using a spectrum analyzer. During the time
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required to make a wavelength scan, about 1 min, the
jitter was typically 2% MHz.

The total apparatus-in d Doppler width obtai
simply adding these three contributions is 119 MHz2;
taking the square root of the sum of the squares yields
75 MHz. Thus, a Doppler width of 100 +20 MHz is

appropriate for analysis of these linewidths.

A confirmation of this vaiue for the Doppler width was
given by a peak observed near 17234 cm™. This peak,
which arises from rotational level N'=31 of the (3,3)
band, has a average width of 118 MHz, and in one mea-
surement the observed width was 100 MHz. Observa~
tion of linewidths as small as 100 MHz sets this value
u8 an upper limit on the apparatus-induced Doppler
width. The analysis pr ted above sh that this
width is surely not much less than 100 MHz.

It should be pointed out that it would not be overly
difficult to substantially decrease this Doppler width.
Actively stabilized dye lasers routinely attain linewidths
of 10 MHz or less for extended periods. Reducing the
ion beam energy spread to 0.5 eV, a value typical of
electron impact sources, would reduce the velocity
spread contribution to 18 MHz, Thus, Doppler widths
in the range of 25 MHz should be attainable with rea-~
sonable effort, and lifetimes as long as 10 nsec should
be measurable. The Doppler width of 100 MHz was
suffictent in the present research, but a smaller Doppler
width would have improved the precision of the mea-
surements, particulariy for the v’ =3 levels.

The observed lines are assumed to have a Voigt line
shape, which is a convolution of Doppler and Lorentzian
profiles. Numerical analysis of Voigt line shapes has
been extensively studied.?® The Lorentzian linewidth
can be conveniently obtained {rom a Voigt profile when
the width of the Doppler contribution is known by using
the tabulated results of the Voigt line shapes given by
Watson and Yin.* This was the procedure followed
here,

d by

TABLE L. Lifetimes, in units of 10°'? sec, of the rotational
and fine structure levels of the fourth vibrational level of the
5'z; state of 105,

N F F, Fy Fu

9 635+ 43 385427 413234 712 £52
1 656190 375+ 40 405 £ 46 7244120
13 702+ 59 356 +£28 392+ 33 814475
18 896 x 87 35131 334 69495
17 Ta4 3 308 838
19 782 s 336 787
21 748 364 121
23 667 vee a1
28 621 es rae eve
Ret, * 873+ 68 364 +28 403 +£31 ne

*These values are for the (9|8, [91Q,,, and (91P,, reference
lines mentioned in the text,

1477

itl. RESULTS

Each lins measured in this research is due to a tran-
sition which has several quantum numbers associated
with it. The purpose of this research is to investigate
the dependence of the lifetimes on those quantum aumbers
which apply to the dissociating state. From this point
on in this paper, the transition which accessed the
dissociating level is irrelevant, and all quantum num-
bers diacussed refer to the dissociating state, Thus,
symbols will no longer be primed. For each vibrational
level v studied, dissociations are observed from a num-
ber of rotational levels N. Each rotational level is,
for this quartet state, split into four fine structure
levels F, to F,. For '*O}, the symmetry rules dictate
that only odd-valued N levels are present, while for
'&130; all N values are present. Further, the location
of levels of the same quantum aumbers will oe different
for normal and isotopic O;. Thus, a predissociating
level is uniquely identified by the specification of v, N,
F, and isotopic composition.

Each prodisaociating level can, however, be accessed
by transitions f{rom 2 large number of lower levels. In
the designation of the peaks of Fig. 2, the letter Q or
(P, R) designates AJ =0 or #1, the first subscript i
designates F, for the upper ‘Z; state, and the secoad
subscript j designates the fine structure level® ‘Nl ,s,.,
of the lower ‘T1, state. The value in brackets is ¥V of
the upper state. The vibrational level must be deter-
mined from a statement of the band, e.g., (4,5) desig-
nates v = 4 for the upper state, v =3 for the lower. The
isotopic composition must be separately stated. A
more detailed describtion of the structure of these O;
first negative bands may be found in Refs. 5 and 19.

Table I gives the lifetimes for the rotational and fine
structure levels for v = 4 of the b state ‘or normal O;.
These lifetimes were obtained using both the (4, 4) and
(4,5 bands. For the N=9-15 levels, a sufficiently
large number of transitions to each fine structure level
was observed, typically more than 20, to warrant cal-
culation of the standard deviation of these cbservations.
In addition, a set of reference iines for the (4, 4) band
[9]Ry;, [9]Qs;, and [9]P, were used throughout the re-
search, with over 50 observations made on each, as a
check on the wavelength and ion beam energy calibra-
tion. The lifetimes obtained from these lines are listed
separately in Table [.

Table II gives the 1ifetimen for the rotational and fine
structure levels of v=4 for ‘%05, Again, the life-
times were obtained using both the (4, 4) and (4, 5)
bands, and standard devistions are given where & suf-
fictently large ber of ements were made on
& level to warrant it,

Table [T gives the lifetimes for the rotational and fine
structure levels of v =5 for “0j. These lifetimes were
obtained using the (5, 5) band, and the total investigation
included only 45 lines. Thus, standard deviations are
not given for any of the lifetimes. However, the data
are quite consistent, and show less scatter than do the
much more extensive investigations of the v = 4 levels.
This is due to the fact that the linewidths are much
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TABLE Il. Lifetimes, in units of 102 sec, of the rotational
und fine structure levels of the fourth vibrational level of the
5L, state of ‘105,

N Fy Fy Fy F,

14 956 + 180 580 £+ 43 562 £+52 1135+ 143
15 915271 480 459 871+ 90
16 923110 534 575 1019 + 135
17 912 107 464 575 728

18 8772115 481 484 835

19 882+110 498 984 979

20 814 464 491 877

2 1030 e .o 877

22 902 .ee . 877

23 800 .o e 815

24 800 . . cee

28 912 - e ‘e

26 814 cen ., .

27 800 et s ves

broader (1000 to 2000 MHz) and thus the experimental
broadenings are much less significant. In fact, the cor-
rection to the Voigt linewidth for a 100 MHz Doppler
contribution at 1500 MHz is only about 5 MHz.

Table IV gives the lifetimes observed for the N =31
and 33 levels of v=3. The uncertainty in the lifetime
of the single F; level studied is high, since the cbserved
average linewidth of 118 MHz is very close to the in-
strumental Doppler width. The uncertainties in the F,
and Fy values are +500x10™!? sec. Measurement of the
kinetic energy spectrum of photofragments dissociating
from these levels eatablished' that N =31 is the lowest
rotational level of v =3 that ia predissociated.

IV. INTERPRETATION OF RESULTS

The results presented in the preceding section are in
agreement with, and substantially extend, the previous
results of Carrington et al.,® and of Tadjeddine ef al.®
These results also generally substantiate the conclu-
sions of Carrington et al., which are summarized be-

TABLE Ill. Lifetimes, in units of 1071
sec, of the rotational and fine structure
levels of the fifth vibrational level of
the 5 °Z; state of 10;.

st |
N F! Fi F! F‘
7 114 see 92 143
109 oo kg 125
11 b 81 ove 128
13 113 e eoe 136
15 132 see " 117
1?7 i 87 oo 117

TABLE IV. Lifetimes, in units of 10°"?
sec, of the rotational and fine structure
levels of the third vibrational level of
the 'L, state of ‘03,

N Fy F, Fy F,

31 ~4000 1740 1980

33 oo 1560 1590

low. The only predissociations which have r ble

Franck-Condon factors are b‘Z;~fli_ and b'c; - ‘¢;.
The linewidth for predissociation by 11, should be inde-
pendent of the fine structure if due to rotational coupling,
white it should be larger for F, and F, than for F, and

F, by a factor 1.5 if due to spin-orbit coupling. The
linewidth for predissociation by ‘Z;, which can occur
only by spin-orbit coupling, should be larger for F, and
F, than for F, and F, by a factor 2.5, which is in better
agreement with their data, where the ratio of linewidths
was observed to be about 1.7, favoring F, and F,. Thus,
Carrington et al. concluded “It seems, therefore, that
the major contribution to predissociation is made bv the
4T; state in the energy region covered by our study.”

In following sections, implications of the more exten-
sive results of the present research will be discussed.

A. Lack of variation of the lifetimes with N

Tables [-I0 clearly demonstrate that there is no sub-
stantial change in the lifetimes with N. For example,
from Table I, the lifetime is constant to within about
10% over the range of N from 9 to 25. Pure rotational
coupling, for which the lifetimes would be inversely
proportional to N(N + 1), would yield a change by more
than a factor of 7 over this range. Thus, rotational
coupling can contribute at most a few percent to the ob-
served predissociation, and the primary predissociation
mechanism must be spin-orbit coupling.

B. Ratio of lifetimes 7(F,, F,)/T{F,, F,)

It has been previously observed™® that the mean life-
times for the F, and F levels T(F,, F,) are substantially
larger than the mean lifetimes for the F, and F, levels
T(F,, Fy) by a factor of about 1.7. The ratios of these
lifetimes observed here are listed in Table V. With the
exception of the N=17 and 19 levels of v =4 of normal
05, all of these ratios lie on the range 1.80+0.23. The
v =4 data for normal O; show a consistent increase with
increasing N, but it is not certain that this is statisti-
cally significant. Taking into account the standard de-
viations of the N =9 lifetimes of Table I, one obtaing an
uncertainty of +0.25 in this ratio of 1. 69. On the other
hand, the ratios for isotopic O are remarkably consis-
tent ¢ -or the range N =14-20, with a value of 1.74
£0.16, and show no apparent trend. It is thus not clear
that there is any significant variation in this lifetime
ratio with N, v, or isotopic composition, and the ratio
1.8+0.2 will be used for this discussion.

This value of 1.8 is very much higher than the value
of about 0. 67 expected® for predissociation by the f'f,,
and much closer to, but still significantly lower than,
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TABLE V. Ratios of the lifetimes
U\ FY/TUR, Py for the b 'Z; state of
0.

v _lsoops N TR FY)AUFY

4 18,16 9 1.89
11 1.8
13 .03
15 2.03
17 .4
19 .37
4 18,18 14 1.8
15 1.%0
16 1.8
17 1.58
18 1.7
19 1.72
20 .m
3 18, 16 $ 1,50

the value of about 2.$ expected® for predissociation by
the ‘Z;. Carrington et al.’® listed the rates of thia pre-
dissociation for the various F eompogm; the relative
rates k are )

3(2N +3)
N+

14N + 27
aIN+3 "’
14N~ 13

HE)= =1

k(rl)c

MFy)

(3

and

J2N-3)
2N-1 °

Thus, the *F, F)/#F,, Fy) ratio should be within the
range 2,33 to 2. 35 for N between 9 and 25.

Derivation of expressions (3) from well-establighed
tformulas® required only the following assumptions:
(1) description of the 5'Z; state as & pure Hund’s case
b; (1) additivity of the predissociation rates for the
transitions from F, to F, and F, or from F,to F, and
F. Assumption (ii) is equivalent to also describing the
predissociating ‘T; state as a pure Hund's case b. As-
sumption (1) was verified by making use of the molecular
constants derived by Albritton ef al.!* R turns out that,
in the range of rotational quantum numbers present in
our spectra, an “F,” level for example includes in its
wave function & maximum contribution 0.0111F,) (i. e, ,
J =N +}) contaminating its major | Fy character (i.e.,
J=N=1}); the same holds for the other levels. Thus,
the description of the 5C; state as a pure Hund’s case
b alters the ratio by at most 8x10°, A similar resuilt
18 likely to hold for assumption (i1).

The only remaining explanation for the differsnce be-
tween the experimental value of 1.8:0.2 and the values
of 0.87 and 2. 34 corresponding to dissociation by the
fiN, and ‘T; states, respectively, appears to be that
oth states are participating in the predissociation of
6'Z;. A branching ratio of (78 + 10)% dissociation by

HF.)G

the ‘Z; state to (23 « 10)/% dissociation by the f*1I, state
would explain the observed ratio HF,, F )/ 7K, X)),

B should be aoted that such a contribution of the f411,
state to the prediasociation of the (v =4, N =9) level of
b°C; precludes the existence of a significant bump in the
f*N, potential. This level of the b state has been shown'
to lie no more than 2.2 meV above the O(*P) + O°(‘s")
dissociation limit, The ab imitio eaiculations of Beebe,
Thulstrup, and Andersen’ (which did not include spin-
orbit coupling) predicted a bump of about 50 meV in this
potential curve.

Both the potential curves of the ‘Z; and of the /N,
states cross that of the b ‘T, state, according to Beebe
ot al.'s calculations. * Thus, large Franck-Condon
factors must exist for the predissociation of some vi-
brational levels of the b ‘L, state into each of the pre-
dissociation channels. In contrast, electronic factors
are comparatively unfavored since both predissociations
are forbidden for the dominant electronic configurations
of the relevant states at short internuclear distances.
More precisely, the dominant configuration of the 5'C;
state

(10,)%(10,)(20,)}(20,)(30, X150 (17,2, 422, 28,22 (@)

has no ‘Z; term, and therefore cannot be predissociated
by any state of ‘Z; symmetry, since the ‘T-‘T* spin-
orbit coupling requires that both states belong to a sams
electronic configuration including a sx* electron pair or
vacancy pair. Onmly two minor configurations of the
5'Z; state, namely, 1

(10)%(10,)(20,)%(20,)(1x,)X11,)%(30,), **¥(a,, Z;, 23 (5)
and
(10)%(16,)"(20,)30,)(17,)¥(17,X(30,), **¥a,, Z;, 23}, (6)

obey this requirement, and thus their ‘T; component can
be predissociated by the companion ‘C; component.
However, configuration (6) is the dominant contribution®
to the ‘Z; state of interest to ua, i.e., to the one con-
nected with the lowest O° + O states. This should ex-
plain the reasonably fast rate of the 5Z;~ ‘C; predis-
sociation.

Again, only a minor configuration of the 5T state
(10,)%(16,)%(20,)%(20,)(30,)(12,)¥(17,)¢ n

is co:moetod with the dominant configuration of the f*1I,
ntate

(10,)%10,)%(20,)4(20,)%(30,) (12,0} (14,)? , (8)

whereas the dominant configuration of the b'Z; state,
configuration (4), is connected with a minor configura-
tion of the /T, state

(10,(10,)(20,)%(20,)%(30,)(15,)41x,)(40,) . (9

Terms (7) (‘Z)) and (8) (f°71,) as well as terms (4)
(5 7 and (9) (‘1) are connected both hy spin~orbit
coupling and by rotational coupling. [t is interesting to
compare the strengths of these two couplings. The total
predissociation rates of the various F components of a
‘Z; state into a ‘T, state have been given by Carrington
et al.’ (see also Ref. 22, pp. 263-265). They are pro-
portional to
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WF ) ANt G7INen + NN+
WF) gy € - I7EN = 3)en + NN+t

8N-~1 (10)
MFY onon ¢ +VIZZW + kn + NN + 1’
and

k(F)= aﬂ(;:r"—: 3 £+ V72 (N +1)en + NN + 1)’ ,

where the spin—-orbit coupling is determined from the
matrix element?

E=CZiY a1, |0y (11)
and the rotational coupling from the matrix element®
n=(Z;|BL‘'ny . 12)

Let us consider configurations (7) and (8). Expres-
sions (11) and (12) become
g =a,(tn,|1,|30vix (13)
and

2
n='z'—“(1n,(x,laq,)(vl;l,|x), o (14)

respectively, where |v) and | Y are the vibrational
wave functions of the initial and final states, respec-
tively, and r is the internuclear distance.

By taking a, =191 cm™ for O3, and approximating
@1/ as [1/7*|v!x), where 7 is the internuclear
distance at the potential curve crossing (1.5 A), % we
find

n__# __ -3
5"57‘7)’"4'““0 . (15)

-
\Q
“w
!
(%]
; oo
s ]
ol
S | Darta CALCULATIONS _*
S 05 -a v =5 %03 —— Pure 4L} .
2 :o v =4, 603 === Mixed B
b | @ v = 4, 181803 == Pure 411, ]
0 L1 | 1 1
5 7 9 1 13 15 17

FI1G. 5. Dependence of the ratio of lifetimes t(Fy)/7(F.) on

rotational quantum number N. Data for v=5, "0} (&); ‘orv=4,

"0; (@); and for v =4, 140} () are included. The smooth
curves are calculations for a pure ‘t; dissociation (——), a
pure ‘11, (=- =+ ~) and a mixed 0,78 *Z;/0,22 ‘N, (~=-) as dis-
cussed in the text,

rup: Predissociation lifetimes of O3

Thus, clearly, in Eq. (10) the contribution of rotational
predissociation is essentially the croas term. I pro-
duces an increase in the rate of predissociation through
£'0, of 10% of the F; and F, levels when N rises {rom 9
to 25. The effect for the F, and F, levels is about a
factor of 2 smaller. Similar resuits can be obtained
for the case of b*Z; - f*ll, predissociation through con-
figurations (4) and (9). In this case, the matrix ele-
ments (13) and (14) would involve the 40, orbital in place
of 30,.

The preceding analysis shows that the branching ratio
for predissociation through ‘=; and £l of about 78/22
implies that the total predissociation width should in-
crease by at most a few percent when N increases from
9 to 25. This is in agreement with the results described
earlier in this section.

C. Ratios of lifetimes 7(F,)/r(F,) and r(F,)/r(F,)}

Tables [-IIT show that the lifetimes for the F, and F,
levels, and for the F, and F, levels, which are nearly
equal, consistently have the order r(F )< r(F,) and r{F,)
< 7{Fy). The expected lifetime ratios can be calculated
from expressions (3) and (10) for a pure ‘Z; predisso-
ciation, or for a mixed predissociation through this and
the £, state, in the ratio 78/22. Figure 5 presents
these calculations and the observed lifetimes for the
F(/Fy lifetime ratio, The v=4 and 5 and the isotopic
data are all included on this figure. The results clearly
support the interpretation of a primarily ‘Z; dissocia~
tion. All of the data, however, support the conclusion
that ‘11, is participating in the dissociation to 2 nonneg-
ligible extent.

A similar plot could be made of the Fy/F, lifetime
ratios, However, it would not be as definitive, since
the predicted ratio varies much less over this range of
N (only from 1,08 to 1. 02), and the data are of poorer
quality. However, these lifetime ratios are consistent
with the above interpretation.

Now that the general location of the ‘Z; state has been
clearly evidenced, it is convenient to assign it a con-
ventional letter, We propose the designation d‘z:; for
this state.

D. Litetime differences for v= 3, 4, and 5 levels, and for
normal and isotopic O3

The strong similarities of the various ratios of life-
times for the fine structure levels, independent of v, N,
or isotopic composition, shows that the predissociation
process i8 basically the same for vy =4 and 5, and for
normal and isotopic O3, Those differences in lifetimes
{10§(v = 3) > {1 ¥0x(v = 4)] > {**03(v = 4)] > *[**O3lv = 5)]
can be explained by the vibrational overlap inte, -ais for
the predissociation. All results are consistent wich the
classical description of predissociation with curve
crossing, provided it is assumed that the crossing takes
place at an energy which is closer to the v =35 than to
the v =4 level of the 5'Z; state of the '‘O; normal iso-
tope. The crossing may be above or below level v =5,
Thus, the predissociation rate will be lower for v=4
than for v =35 tn '*Qj, still lower for '*0'0", v=4,

J. Chem. Phys., Vol. 70, No. 3, 1 Februery 1979

B-7

S




Moseiey, Cosby, Ozenne, and Durup

whose energy is slightly under that of the normal iso-
tope, and still lower for '*0f, v=3. The influence of
quantum pumber N is of minor importance here, since
the crosaing point energy is raised with increasing N in
the same way as the effective potential curves are, A
study of higher vibrational levelis could more precisely
locate the curve crossing.
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KmmhmbumhnbuamndforO’ ts resulting from transtions O;
@‘n,, v, J°. 207 (3o u = 4N' F)—-0"('s") +0(’P).vhuefotlhelhunn¢uu&
." mm M ll.l‘o’o l‘.llo;

a single-mode laser, and velocity tuning of the sbeorption wavelength. Exmtdvdu-oftln
sawsotropy parameter 5, which describes the angular distributions of the photofragments. were obtaned
wﬁ«uu«uumwmmmzmmmmmmrm-mm
Carlo computer simulation of ion trejectorics in the apparatus. Values of § were thus determined with an
uncertainty of +0.05 or less. They are compared with theoretical values of 8 obtuned by a generalization
to Hund's case (b) of the theory previously developed by R. N. Zare. in a umilar manner. values of the
kinetic energy of separation of the photofragments in the cemter-of-mass system, W, are determuned with
an sccuracy, in the most favorable case, of +0.14 meV. The experimental W values are used. along with
other spectroscopic data, to improve the bond dissociation energy vaiues of the ground X 'L state of Oy,
and of the a and b states of O;7. It 15 shown that for W <350 meV the dissociston strongly favors the

O('P;) channel over P, and ’Pw This result is p

d with | possibl hmun.wemodehoﬁh:

luded that the d

long-range couplings involved in the di p and it is
in 8 completely adiabatic way. Finally, further possible refl

I. INTRODUCTION

The angular distributions of photo(ragments {rom
photodissociation processes have been studied for a num-
ber of neutral molecules' and for a few ions.? While
the ground and dissociative electronic states were usu-
ally identified in these studies, in each case a distribu-
tion of energy levels was involved in the dissociative
process. The angular distribution of photofragments
represents in general a2 weighted sum of squared angular
parts of the nuclear wave functions of the involved mo-
lecular states. Contributions {rom different initial
states, in particular the various M, components of a
{J, M,;) level, will add their intensities, whereas con-
tributions of different final (dissociating) states arising
from a same initial state and feeding a same set of
states of the fragments will add their amplitudes and
can give rise to interference effects. In order to un-
derstand in detail the dissociative process, it is of in-
terest to study the angular distribution of photofrag-
ments {rom 2 predissociation since a given transition
with all relevant quantum numbers specified can be op-
tically selected. We report here such a study, where
angular distributions as well as the separation energies
between the predissociated levels and the dissociation

“International Fellow at SRI International, 1977-1978 academic
year.
YAssoctated to the Centre Nationsl de ia Recherche Scientifiqus.
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limit are obtained (rom photofragment kinetic energy
spectra.

Four states are invoived in the photopredissociation
process: (i) the initial (ground or metastable) state,
(i1) the predissociated (upper) state, (iii) the predisso-
clating state as defined at short internuclear distances,
where it {s coupled with the predissociated state and
possibly also radiatively coupled with the initial state,
and (iv) the predissociating state at infinitely large in-
ternuclear distances. The observed angular distribu-
tion of course pertains to the last state. It will depend
on the couplings between the various kinds of angular
momenta all along the process.

The general theory of the angular distribution of pho-
todissociation and photopredissociation fragments was
initially worked out by Zare™* and further developed by
Bersohn, Jonah, and co-workers® and by Mukamel and
Jortner.® The theory was applied by Zare in particular
to the photodissociation of diatomic molecules in Hund's
cases (a) or (c). This treatment will be generalized in
the present paper and applied in pa. *icular to Hund’s
case (b).

The experimental method used here is a direct exten-
sion of laser photofragment spectroscopy of moiecular
ions to very high optical resolution. '='* It was first
shown by Schopman, Barua, and Los'' that a high resolu-
tion could be achieved in the measurement of the mo-
ments of predissociation [ragments {rom [ast molecular

© 1979 American Institute of Phymes a3
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FIG. 1. Schematic of the dissociation kinematics, showing the
relevant angles and the effect of angular discrimination. The
initial beam velocity is v,, u {8 the c. m. velocity of the charged
photofragment, and a is the angular aperture of the apparstus.

ions, due to the amplification of the center-of-mass

(c. m. ) separation energies when measured in the labo-
ratory frame.'* As in previous work, the fact that this

resolution of the ¢. m. kinetic energy of the photofrag-
ments is highest for a dissociation near threshold® '}
was utilized.

With the aid of the velocity diagram shown in Fig. 1,
it can be seen that the angular distributions of photopre-
dissociation fragments can be determined from mea-
surement of their kinetic energy distributions. If a giv-
en energy level in the upper state is selected by the op-
tical transition, a unique value of the total photofrag-
ment energy W and therefore of the c. m. speed of the
charged {ragment iul will occur provided the predisso-
ciated level is close enough to threshold for being con-
nected with only one pair of states of the fragments,
usually their ground states. Thus, the end point of the
velocity of the charged fragment (to be detected) will be
somewhere on a sphere as indicated in Fig. 1. Mo-
mentum or energy analyzers aligned to view photofrag-
ments along the incident beam direction measure only
the ion velocity component v, along this direction. This
component is given by

v,=vy+ |u| cos® , (1)

where © s the angle of ejection of the charged fragment,
in the ¢. m. {rame, with respect to the velocity vector
of the diatomic ion (x axis). Thus, if the angular dis-
crimination in .he apparatus is properly taken into ac-
count, and v, and U are known, the measurement of ki-
netic energy distributions of the photofragments in the
laboratory can be used to determine their angular dis-
tributions in the ¢. m. {rame.

The O3 ion was the obvious first candidate for such a
study. Its photofragment spectroscopy’® and the obser-
vation of its predissociation'? were first performed in
Orsay. Predissociation studies in Southampton by
Carrington, Roberts, and Sarre’ at very high optical
resolution led them to the identification of a number of
predissociated levels, of the main predissociation
channel, and to liletime measurements. Full identifica-
tion of the transitions involved was achieved by the SRI
group at very high optical resolution and high photo -
{ragment inetic energy resolution with a determination
of the lifetimes, for both '*0j and '*'%Qg, &% 1617

The predissociation process studied here is the tran-

sition labeled II in Fig. 2. The optical transition takes
place from the metastable a ‘Il, state to the b 'Z; state,’™’
whose radiative lifetime (1. 35-1. 68 us)'® is much
longer than the predissociation lifetimes observed. The
main predissociation channel is through the ‘Z; state.”?
A minor predissociation channel, through the 7N,

state, was proposed’ to account for (22 £10)% of the pre-
dissoctation of levels 5‘Z;, v’ =4, 5. The 5'Z;-'Z;
predisaociation is allowed only by spin-orbit coupling.
The b*Z; ~f ‘11, predissociation takes place predomi-
nantly by spin-orbit coupling, with a contribution from
rotational coupling of no more than a few percent.’ The
potential curves of the ‘Z; and f ‘I, states are imown
only from the ab instio calculations of Beebe et al. *;

the f 11, state was observed in photofragment spectros-
copy experiments. '* A full discussion of the transitions
involved here can be found in Refs. 8, 9, and 20.

il. EXPERIMENTAL RESULTS

The experimental data were obtained using the appara-
tus at SRI, which is described in detail in earlier pa-
pers. "2 Briefly, a single-mode tunable dye laser,
pumped by an Ar or Kr ion laser, is made coaxial with
a fast beam of O3 over an interaction length of about 30
cm. The O} ions are formed in a hollow-cathode dis-
charge source, accelerated to 3600 eV, and collimated
to 2 mrad before being bent into the interdction region.

Then the beam passes through an electrostatic cage
allowing the ions to be accelerated or decelerated, thus
permitting velocity tuning of the el{fective wavelength
in order to bring it into coincidence with any particular
line of the absorption spectrum, here O3 (a‘M, -5 ‘C;).
Further, apertures are used to obtain anguiar resolu-
tion of the photofragment ions after the interaction re-
gion. The fragment ions (inally are decelerated to a few
hundred eV, energy analyzed with an electrostatic
analyzer, and counted. Two typical kinetic energy spec-
tra obtained in this way are shown in Fig. 3.

Throughout this paper, we shall describe each line of
the absorption spectrum by the following notation: the
rotational quantum number N’ of the upper state, fol-
lowed by the AJ (P for AJ = -1, @ for &J =0, R for AJ
=+ 1), a [irst subscript indicating F' (i.e., 1, 2, 3,
and 4 for J' -N' =3/2, 1/2, ~1/2, and -3,2, respec-
tively), a second subscript denoting Q' (conventionally,

22 T -r
> p
2 4y
» 20k 9 O1'D) « O (4SS |
g -
219 - w
PRL | %% 013, + 0+ 1489 |
£
£ 17 g
8 18} a‘n, 4

L]

cs 12 '8 20 24 28 32

INTERNUCLEA ' SEPARATION A (A}

FIG 2. The lowest-lying quartet potential curves ot ;. taken
from Refs. % and 9
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FIG. 3. Kinetic energy spectra of photofragments {rom two
transitions of ' #0jla‘1l,, v’ s4—~5'Z,, v’ =4). Thebhorizon-
tal and the vertical scales are the same in both spectra. Solid
line, 17 Py, (&J =~ 1); broken line, 17 Q,, (&J = 0).

1, 2, 3, and 4 for Q' =5/2, 3/2, 1/2, and ~1/2, re-
spectively). Thus, a 17 P,, line means N’ =17, AJ =
=~1, J'=N' =1/2 (and therefore J' =17.5, J'' =18.5),
Q'' =5/2. The solid line spectrum in Fig. 3 corresponds
to this transition. The broken line corresponds to 17
Qe

In previous measurements of photofragment angular
distributions, *? the distribution has been controlled by
the symmetries of the two electronic states involved,
and by the lifetime of the predissociated state. For the
transitions represented in Fig. 3, the electronic states
are identical and the lifetimes of both predissociated
levels are sufficiently long® that the difference between
them cannot affect the angular distribution., In fact,
the angular distributions observed here arise not {rom
semiclassical considerations of the orientation of the
transition dipole moment or of the amount of rotation
the molecule undergoes after absorption of a photon, but
from a purely quantum mechanical effect. The main
difference in the spectra in Fig. 3 arises from the dif-
ference in AJ values. This comes (rom the fact that
AJ controls the set of M,’s appearing in the upper state,
account being taken of the selection rule aM, =0, with
the laser polarization direction as the axis of quantiza-
tion. This will be quantitatively shown in Sec. [II. The
largest difference in energy (and hence angular) distri-
butions is between 2 P and a Q line, as seen in Fig. 3
and Table I. Kinetic energy spectra corresponding to
P . 'd R lines with the same upper states are similar to
each other but distinguishably different. Spectra differ-
ing only by the values of F’ or '’ are indistinguishable
in shape. This will appear more ciearly from the exper-
tmental regults and the discussion in Sec. IIL

Since, for the coaxial-beams arrangement used here,

the laser polarization is necessarily perpendicular to the
fon beam direction, it thus appears that the AJ =0 tran-
sition leads to an angular distribution peaked perpendicu-
lar to the laser polarization (i. e., along the beam direc-
tion), while AJ=%1 leads to a different distribution.
This quantitative result was predicted by Durup, ¥ based
on Zare’s theory. ** A major purpose of the present
paper is to extract the angular distributions {rom such
kinetic energy spectra, and compare the results with
theoretical calculations applied to the specific type of
dissociation studied here.

A second piece of information cleariy contained in
spectra such as shown in Fig. 3 is the energy of the
dissociating level with respect to the dissociation limit.
Advantage has already been taken of this fact, using
data where the P, Q, and R components were not re-
solved, to obtain improved bond dissociation energies
for O, (X*Z;), " and Of (a*n,) and (5 *E;), * with an un-
certainty of +10 cm™', The higher-resolution data pre-
sented here will allow a further improvement in the en-
ergies of the dissociating levels and in the bond disso-
ciation energies.

In order to take into account the geometry and angular
discrimination of the apparatus, a comguter program
for Monte Carlo calculation of the ion trajectories was
developed. This program prepared eariier for another
experimental setup, **® samples in a quasirandom way
the incident ion trajectories, the location of photon ab-
sorption, and the properly weighted direction of ejection
of the fragments. After the appropriate geometric con-
stants describing the apparatus are put into the program,
the only input data are the total photolragment separa-
tion energy W and the anisotropy parameter 3. The
value of 3, as is well kmown, is the only physical param-
eter occurring in the angular distribution /(6) of photo-
fragments [rom initially randomly oriented molecules

1
I(O)=4—'[l + AP,(cosd)] , (2)

where § is the angle between the laser polarizatinn and
the direction of ejection of the {fragments in the ¢. m.
frame, and P,(cos8)= }(3 cos®s - 1) is the second Le-
gendre polynomial. As 8 varies from -1 to 2, the angu-
lar distribution varies from sin?é through isotropic
(8=0) to cos’s.

In order to determine experimental values of g and
W, their values were varied in the computer program
until an acceptable fit was obtained with an experimental
spectrum. This procedure is neither as inconclusive
nor as time consuming as it might {irst appear, for the
following reasons: First, the value of W can be obtained
in a first approximation to a good accuracy directly
[rom the half -width at half-maximum of the kinetic en-
ergy distribution. The [itting then improves this ac-
curacy by up to an order of magnitude. Second, the the-
oretical value of 3 (see Sec. III) may be used for choos-
ing the range of values of 3 to explore. Finally, the ef-
fects of W and § on thr spectrum are nearly independent,
W controlling the width and 3 the shape, particularly
near W=0. Thus, it is possible with only a few comput -
er runs to (it the spectra to within the statistical noise,
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TABLE I. Experimental and calculated values of W and 3 for most of the O3la ‘I, =6 *Z;) transitions studied
in this work. In all cases, v"’ =4 and v ‘=4,

W (meV) 3

Isotope N’ F* il ad Exptl. Calc.? Exptl.® Calc.
14 1 5/2 0 1.52+0.07 (1.52) -0.95£0.05 -0 979
14 2 5/2 -1 1.510,06 1.58 0.45+0.05 0.440
14 3 -1/2 +1 1.68+0. 04 1.57 0.55£0 05 0.554
14 4 -1/2 0 1.47+0.05 1.52 ~0.970
15 1 5/2 0 5.60£0. 13 5.69 -0.975+0.025 -0.982
15 2 5/2 -1 5.76+0. 06 5.75 0.45+0.05 0. 444
15 4 1/2 +1 5.70:0. 14 5.69 0.55+0.05 0.544

16,18 15 4 1/2 0 5.40+0.10 5.69 -0.97520.025 -0.975
16 1 5/2 0 10.31£0. 14 10.14 oo -0.984
16 2 5/2 -1 10. 40+ 0. 09 10. 19 0.45+0.05 0.448
17 1 5/2 0 14.870.16 14.86 -0.975:0.025 -0.985
17 2 5/2 -1 15.42:0.12 14.91 0.45+0.05 0.451
18 1 5/2 0 20.86:0.23 19. 85 -0.975+0.025 ~-0.987
18 2 5/2 -1 20.40+0.17 19.91 vee 0. 454
19 1 5/2 1 24.98+0.17 25,12 -0.975+0.025 -0.988
20 4 1/2 0 31.32:0.13 30.67 -0.9520.05 ~0.985
9 1 5/2 +1 1,77+0.01 1.763 0.55+0.05 0.551
9 2 5/2 -1 1.74+0.07 1.817 0.40+0.05 0.403
9 3 5/2 -1 1.77+0.03 1.811 0.416
9 3 3/2 +1 1.7740.03 1.811 0.60+0.05 0.582

16, 16 9 4 3/2 0 1.860.11 (1. 76} ~0.923
11 1 5/2 0 7.5910, 34 7.933 ~0.9520.05 -0 969
11 2 5/2 -1 7.64+0. 34 7.986 0.422
13 1 5/2 0 13.550.72 15.275 ove -0.976
13 2 5/2 -1 14.70£0.60 15. 329 0.4520.05 0.435

*For each isotope, we extracted from experiment the energy of the lowest predissociated levet of (b ‘T,
v** =4), namely, 14 F for 0'*0° and 9 F{ for '**0} as described in the text. This set of values wae
then averaged, yielding the values in parentheses in column 6. All other theoretical W's are from Al~
britton, using the former as reference values.

®The missing 3 values correspond to spectra which either did not present a good enough forward—back-
ward symmetry or could not be corrected for the background of collisional dissociation due to the resid-
ual gas. In both these cases, the W values could however be extracted by using computed spectra with
the theoretical 8 values.

and to obtain values of 8 and W, as well as uncertainties
in these values.

0 T T T T T T

The accuracy of the experimental determination of 8
can be estimated from Fig. 4, where the computed
spectra for W=20.86 meV and 8= -0.9 and - 1.0 are
compared with the experimental spectrum for the 18 @,
transition. It is seen that 8 can be determined from this

~
T T

5 N WY (RS SN SNSRI W W
i
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6

kinetic energy distribution to within £0. 025. The spec- . 14
trum computed for the theoretical value 8= -0. 987 is
in close agreement with the experimental spectrum. 4
Variation of 8 over the range shown in Fig. 4 does not 3
significantly affect the widths of the computed spectra.
Thus, the determination of W will be nearly independent 2 -
of that of 8. = -

Figure 5 shows the sensitivity of the determination of 0 i i
W. Tere spec.ra are computed for two values of W 50 3020 106 31 0 1 3610 23 S0 .
which difter by 0. 21" meV and the theoretical value of '
3=0.440. All three spectra are aligned on the left-hand SEPARATION ENERGY Wimev) !
side in order to obtain maximum sensitivity to the mis- FIG. 4. Comparison of an experimental Kinetic energy spec-
alignment on the right. It is clear that this spectrum trum, line 18 ,,, with computed spectra w'th J values bracket-
can be {it much closer than the interval between the two ing the true one, and W =20 3¢ meV Soulid lire. experimental
values of W shown. Such bracketing led to the value W data; +, computed with 3> -0 9; ®, computed with 3z=1.0.
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=(1.51+0.06) meV. Since the kinetic energy resolution 00— {
i8 highest near W=0, the absolute uncertainty in W "+ . A ’, !
will be smallest for levels nearest threshoid. These .- o -
are V' =9 for 'O} and N’ =14 for '“'%0;. Since the ™ -
relative positions of the various levels are now well s+ -

known from spectroscopy, '* the adsolute position of the
higher levels in the 5 ‘] state can be obtained from
these threshold levels to higher accuracy using the
spectroscopic results than by measurement of the photo-
fragment kinetic energies. Therefore, the main effort
was to determine the separation energies W of photo-
fragments for the N’ =9 (in normal O3) and N’ =14 (in
isotopic O3) levels to as high an accuracy as possible.

Table I gives the values of 3 and W determine using
the above-described fitting procedure, together with
calculated relative vaiues of W, normalized as will be
discussed below, and calculated absolute values of 3,
which will aiso be discussed in the following section.
The uncertainties in the experimental data refer only to
the uncertainty in the fit. Other experimental uncer-
tainties will be discussed here.

For a homonuclear diatomic, a photofragment will ap-
pear at =0° or 180° in the laboratory with an energy £
given by'?

E=3(Ey+ W) (WE,)'/?, (3)

where E, is the parent ion energy. Thus, the uncertain-
ty in W depends on the uncertainty in £, and E. For W
<« E,, which practically speaking is always the case,

this dependence can be expressed as

10 T T T T T T T
QL « — 1.358 mev T
« - 1.575 mev

a1
al J
2 4
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FIG. 5. Comparison of an experimental kinetic energy spec-
trum, line 14 P,,, with computed spectra with W values bracket
ing the experimental one, and 3 = 0. 440, Solid line, experimen-
tal data; +, computed with W =1, 358 meV; ®, computed with
Wa=1,375 meV.
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FIG. 6. Comparison of an experimental energy spectrum, line
18 Qy, with spectra computed with the theoretical 3 values
(~0.987), the best W value (20. 86 meV), and various relative
contributions from the O°(‘s") + O(’P,) second dissociation chan-
nel with respect to the main contribution due to the O°(‘s%
+O(°P,) dissociation channel (the third dissociation channel
O(’Py) is not energetically allowed]. Full line, experimental
data; e, computed with ’P;, only; +, computed with 93% *P,, 1%
’P,; &, computed with 95% °P,, 5% P,.

AW=2AE(W/E)'?. (4)

The properties of the beam deceleration and energy
analysis system allow a resolution in AE of 0. 05 eV, as
demonstrated by spectra such as Figs. 3-6 (when plotted
versus laboratory energy E rather than W). Thus, for
W near 2 meV, a AW of about 0. 07 meV should be re-
solvable. This is consistent with the observations in
Table I. The absolute kinetic energy of the ion beam E,
was established to within 1. 5 eV, !¢ leading to an un-
certainty in W at 2 meV of only 0. 04%, since the uncer-
tainties in £ and E, are related, and tend to cancel in
the calculation of W. Thus, this source of uncertainty
is negligible.

All of the above discussion assumes that both the ion
beam and the energy analyzer are properly aligned with
the x axis. The 2 mrad angular resolution of the appara-
tus assures that this alignment is reasonably good, but
misalignment within this angle can occur. However, in-
spection of Fig. 1 shows that a misalignment, i.e., ob-
servation of the photofragments along a line other than
the x axis, will lead to an asymmetry both in the height
of the peaks on either side of W=0 and in the W value
at the peak haif-maximum. The asymmetry in W is
small unless the misalignment is large enough to cause
a substantial asymmetry in the peak heights and a signif-
icant decrease in the photofragment count rate. Adjust-
ment of the apparatus for symmetric peaks and maxi-
mum count rate leads to reproducible W values near 2
meV of £0.1 meV. This reproducibility decreases with
increasing W, as does the resolution in W. There-
fore, W values for peaks at higher W will be mcre un-
certain than for those at low W.

The experimental results of Table I can be used to
check the uncertainty and the internal consistency of the
W values in two ways. First consider the set of four
V' =14 levels for isotopic 0}, These levels lie very
close in energy, and the highly accurate spectroscopic
values?* for the energy dilferences can be used to adjust
them so that all four measurements refer to the lowest
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level F}. The set of four values then is (1.520. 07),
(1.45+0.06), (1.83:0.04), and (1.47+0. 05) meV. The
average value is then 1. 52 meV; the maximum range of
values is (1.39, 1.67] meV, or 1.53£0. 14 meV. Itis
thus certainly reasonable to choose 1. 52 meV as the
absolute value of the F{ level, and to normalize all of
the calculated relative values to this value. The uncer-
tainty in the absolute values of all the caiculated levels
is now the same as the uncertainty in the F{ level, which
will be assigned below.

A second test is now available: comparison of the
measured W values with the now normalized calculated
values, or, effectively, a comparison between the differ-
ences in energy levels for experimental and calculated
values. For isotopic O3, the standard deviation between
the experimental and normalized calcuilated values is
0. 05 meV when only N’ =14 and 15 levels are consid-
ered, 0,06 meV when levels up to N’ =17 are included,
and 0.1 meV when all measurements are included.

All the evidence thus points to an uncertainty in the
absolute value of the energy of the (N’ = 14, F{) level of
the O3 b state with respect to the OCP,) + 0*(*S°) limit
about £0.1 meV. We choose the largest uncertainty
derived above (+0. 14 meV) and conclude that the value
of this separation energy is (1. 52+0. 14) meV, or (12.3
£1.1) em™. A similar analysis of the '* 0} data lead
to the conclusion that the (N’ =9, F}) level lies (1.76
+0. 21) meV, or (14.2£1.7) cm"!, above the OCP,)
+0°(*s%) dissociation limit.

l. THEORETICAL CALCULATION OF THE
ANGULAR DISTRIBUTIONS ’

Angular distributions in the photofragmentation of
diatomic molecules have been studied theoretically by
many authors. 3~ Following the pioneering work of Zare
on direct (fast) photodissociation and (slow) predisso-
ciation, Jonah®® considered the effects of rotation and
finite dissociation velocity, providing a semiclassical
picture for delayed photofragmentation. Recently,
Mukamel and Jortner® have developed a general unified
formalism for the quantum-mechanical treatment of the
anisotropic distribution of the {ragments ir the case of
predissociation, 88 35 well as in the case of interfer-
ence between direct photodissociation and predissocia-
tion®'® (Fano’s interference). ¥ However, all these
treatments have in common the fact that they considered
electronic states described by Hund’s coupling case (a)
or {c). This is clearly inappropriate to the O} (a ‘I,
-b'%; -}, f'N,) predissociation process studied in
this paper, since the intermediate state and at least one
of the final states correspond to Hund’'s coupling case
(b) while the initial state is intermediate between case
(a) and case (b).

We shall present here the derivation for the general
coupling case. Consider three sets .of rovibronic states
of the diatomic molecule: (i) the initial bound states
1gJd’'M'’"), characterized by a total angular momentum
quantum number J'’, magnetic quantum number V'’
with respect to the laboratory 2 axis, and other elec-
tronic and vibrational -rotational quantum numbers de-

.

noted collectively by g; (ii) a set of int¢érmediate bound
states ieJ'M’), with e, J', Y’ having the same delini-
tion as above, optically connected to the igJ' V')
states; and (iiil a set of final unbound continuum states
|dJM) corresponding to dissociation of the diatomic
molecule with total angular momentumJ and projection
M on the laboratory z axis, taken here to be the direc-
tion of the laser polarization, and always perpendicular
to the direction of propagation of the ion beam, the x
axis (see Fig. 3).

These levels are in the same energy region as the in-
termediate |eJ’M’) levels, and directly or indirectly
coupled to them by intramolecular couplings such as
spin-orbit interaction or rotational coupling. We as-
sume that the continuum (dJM) is not optically connected
to the initial |gJ’'M’’'} levels, so that interference be-
tween predissociation and direct photodissociation
(Fano's interference) is not considered. For the study
of directional predissociation, we are not interested in
the {dJM) states, which correspond to spherical waves
with well -defined angular momentum J, but rather in
plane waves |dk) moving in the direction & with polar
angles § and & with respect to the laboratory system of
reference. It can be shown’~¢ that, for electronic states
for which the projection of the totai angular momentum
on the internuclear axis [the quantum number 2 in
Hund's case (a) or {c)] is a good quantum number,

|[dok) = (2J+ 1))’ exp(=15,)|dWM) Dia(#, 6,0,
'l (5)

where DJ4($, 6, 0) is a Wigner rotation matrix and &,
is a phase shift appearing in the asymptotic form of
the nuclear wave function for large internuclear dis-
tances.

The differential cross section for predissociation
from a given initial state 1gJ''M’'’) to a final state
1dQk) characterized by an electronic angular momen-
tum £ along the internuclear axis and a relative mo-
tion of the fragments in the direction & = (6, &) with re-
spect to the laboratory z axis, when the molecule is
excited with monochromatic light of angular frequency
w, is given by*®

(27)
[ {4

o(gl' M’ =dQk)=

oy’

x(ghw"m,,,wﬁw’)(eJ'M'm,ldszin ?
Egpoo +Bw = E g0 +iT g ye

., (8)

where H,,, is the light -matter interaction operator and
H, is the intramolecular coupling. In Eq. (6), the pho-
ton states are wave number normalized while the disso-
ciative continuum states are energy normalized. E, ..
and E,,. are the energies of the initial and intermediate
states, respectively, including the level shift for E,,.
.nduced by the intramolecular coupling. We consider
here the molecule in the absence of any external field
so that all the magnetic subleveis are degenerate. The
particularly interesting case of angular distributions in
the presence of an applied magnetic field is being studied
experimentally® as weil as theoretically. &

Finally, T, is the total width of the intermediate
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state leJ'M’), which is given by the Fermi “golden-ruie”
expression *

Te=vl{el'M B, [dIM)|*, M

where we have neglected the radiative width. In writing
Eq. (7), we have used the fact that intramolecular cou-
pling conserves J' and M’. Also, the matrix elements
of H, do nut depend . M’ siace the direction of the
laboratory z axis is irrelevant for intramolecular dy-
namics in the absence of external fields. Using these
selection rules and Eq. (5), we get from Eq. (6)

' e o (220
ol g M - dR) = S
x| 2 (gl "M [Hy]es' M)
'y
RlaDE3®,6,0) [ o
E o +Bw =E o +il, 0
where
Rlya= (2 + 1) (el M' | B,|dW'M') . (9)

Moreover, it can be shown that the matrix elements
of the field-matter interaction operator are given in the
dipole approximation by?

("M | Hip el M)
=CW A\ M'OM' (g ed'su- €), (10

where C(J''1J°;M''0M’) is a Clebsch-Gordan coefficient,
and { is a function depending only on the quantum num -
bers (¢, J'’;e,J') and the projection of the dipole moment
operator u on the direction of the polarization of the

_

2
otgr ~h=Gk e 2 F
fod I

@270,

light €. Here we have [ixed the laboratory z axis in the
direction of polarization of the light and this results in
the appearance of the Clebsch—Gordan coefficient in
Eq. (10) with the corresponding selection rules AM =0,
AJ=0, z1. Introducing Eq. (10) into (8), we get finai-
1y*

(2n)?
Kc

ST M ) = Z: gl el ;u- €
6,100 00,01
L CWLI M oM IR 4o Die?s(®, 6,0) I

E pe0 +Bw —E g0 +il 40 (1)

The initial state is randomliy oriented in the absence
of external fields, so that the differential cross section
for predissociation from an initial state |g) with definite
angular momentum J'’ is given by an average over mag-
netic sublevels

o(g" = d0k) = =7 — ; olgl M ~dok).  (12)

Equations (11) and (12) give the angular distribution
of the fragments 1n the predissociation to a final state
corresponding to Hund’'s coupling case (a) or (¢), with
electronic angular momentum projection 2 along the in-
ternuclear axis. In the general situation, where the
final state corresponds to other limiting or intermediate
coupling cases, it is convenient to express the wave
tunction of the final state as a linear combination of
Hund’s coupling case (c) wave functions

!HM):;C,(Q)}JWM) . 13)

The differential cross section will then be given by

> cwrirMom)
1

H
x¢(gd”’, e ;b G)ZR;',',C:(Q)D;,':.",(@, 6,0)/{E ses +Bw = Epo + il",,.)| , (14)
4
—
with and
Riy=(e'M'|H,|diM) . (15)  Lujo(@ =2 |CWLI ;M OM DS o(®, 6,002 .  (18)
&

Equation (14) provides a general quantum-mechanical
expression for the angular distribution of the predisso-
ciation fragments for any angular momentum coupling
case. It also incorporates the effect of finite dissocia-
tion lifetime giving the correct limits for slow and fast
predissociation. In the case studied here, we are in the
1imit of slow predissociation, i.e., the widths I',,. are
very :t-all compared to the spacings between neighboring
levels, and the different P, Q, R lines (/' =J" ' =~-1,0,
+1) are well resolved. Under these circumstances Eq.
(14) takes the form (for Aw =~ E,;0 = E(,00)

L)

.

Ol = e k)~ D Ayrs( 10 1r0a(8) (18)
[+]
where
2
Apse(@)= IZR;’,’C?(Q)\ (17
4

From Egs. (16)-(18), we notice that the angular dis-
tribution for slow predissociation is not affected by the
SEJ"’, e'; 5+ €) factor defined in Eq. (10), which gov-
erns only the total intensity. The consequence is that
for slow predissocizdon the angular distribution does
not depend on the parallel or perpendicular nature of
the transition but only on the P, @, R character of the
transition. On the other hand, for fast predissociation,
it is not longer possible to resolve the P, @, R lines
and we must consider the general expres. on given by
Eq. (14). In that case, the angular distribution will
depend on whether the dipole moment is parallel or per-
pendicular to the internuclear axis. We note also from
Eqs. (16)-(18) that the angular distribution for slow
predissociation is not affected by any quantum number
of the initial state 15J°'), except for J'', whereas it de-
pends upon the intermediate state through the matrix

.
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elements R.',' only in the case where several final states
d can be reached from the same intermediate ¢ level.

The angular distribution factors [« ,..q(6) have been
tabulated by Zare.? We reproduce.in the Appendix a
method used to calculate them in a simnple way. Zare’s
final resuit is

3 (1/2)[(-!' -1W +QLin g+ ('t -0 cos®y

Lyea(8)= IV
(19)
for R lines (J' =J'' +1),
3 (/2D + 1) -2 3in?e + ¥ cos?s
Iyeaq(d) = To D (20)
for Q lines (J'=J''), and
170q(0)
3 (/20 + I + 2)+ @] sin?9+ (7 + 17 - 3] cos?d
T4 (S +1)28 +3)
(21)

for P lines (J'=J'"' -1). Each of these equations is of
the form

1(0)=4i1r (as,5in?0+ b,  cos?s) , (22)

and can be put in the form of Eq. (2) with 8,, =2(b,,
-a,,;). Thus, {rom Eq. (16), the angular distributions
in the limit of slow predissociation can be put in the
form of Eq. (2) with the anisotropy parameter given by

s,,:gZﬂjA,,,(m[b“(m-a“(a)] . (23)

In the limit of large J* (J' > Q, J'>1), one obtains
the simplified expressions

l

I+ N+ D + N+2) =SS+ D] /SIS +1) = (7 - WS =N=-D]'"?

(8)= —-(1 +cos’s) (24)
for R and P branches, corresponding to 3=4%, and
He) = — sm’o (25)

for the @ branches, corresponding to 8= -1. In this
limiting situation, the angular distributions will be in-
dependent of the nature of the efectronic states implied
in the predissociation process and they will be simply
given by Eqs. (24) and (25).

We anticipate that, lor the O} photodissociation pro-
cess studied here, the angular distributions will be
similar to those given by Eqs. (24) and (25), since the
angular momentum for the observed transitions is rather
large. We will show, however, that significant devia-
tions can be observed for J'S 10. We consider the pre-
dissociation process (a‘ll,~5‘C;~'Z;), neglecting the
contribution of the predissociation through the f ‘I,
state.? The intermediate and final states will be de-
scribed in Hund’s coupling case (b). The predissocia-
tion is induced by spin-orbit coupling.? The different
intermediate and final states are characterized by the
quantum number N of the nuclear rotational angular
momentum. The coefficients of the linear combination
[Eq. (13)] of the final state |dNJM) in terms of Hund’s
coupling case (c) wave functions are then given by
AN+ 1 172
2D cova-anm, (26)
with S=3/2 and A=0 in our case. Denoting by .V’ the
rotational angular momentum quantum number for the
intermediate states ieN'J'M’), one obtains for the in-
tramolecular matrix elements R]y. (v defined in Eq. (15)
the final expression®

Cantst)=(

27)

Rigean= [2F + )28 + )T

for AN=2x1, N=min(N, N'). All other matrix ele-
ments vanish. The coefficient 7 is a reduced matrix
elemeant of the spin-orbit operator and we will assume
it to be independent of N. It is now an easy matter to
compute the angular distributions using Eqs. (16), (17),
(19)~(21), (26), and (27).

Actually, the b‘Z; state of O} is not rigorously a pure
Hund's case (b), since spin-orbit coupling is not strictly
zero. Therefore, the Clebsch-Gordan coefficients in
Eq. (26) should in principle be replaced by the exact co-
efficients derived from the diagonalization of the Hamil-
tonfan matrix. These coefficients have been computed in
the case of the '%'%0} isotope by Tadjeddin ° using tre
program developed by Albritton. 3 They differ very lit-
tle (less than 2%) from the Clebsch-Gordan coefficients.
We therefore used the latter coefficients as indicated in
Eq. (268). The final resuits for tue different lines are
given in Table I. For the predis:ociation to the 7 ‘n,
state, only Eqs. (26) and (27) need to be modified. It
has been estimated® that this predissociation can account

for =22% of the dissociation observed. Assuming the
f ‘l‘l, state to be represented by a case (b) basis set,
and the spin-orbit coupling to be the major factor in-
ducing predissociation, we [ind angular distributions
very similar to those given in Table I.

It can be seen from Table I that the experimental and
theoretical results for 8 are in agreement within the un-
certainty of the experimental measurements. It can also
be seen that 3 varies significantly for N'=9, but that this
variation is not large enough to be observed in the pres-
ent experimental measurements. The data do, however,
clearly demonstrate for the first time the dependence of
the angular distribution for a .'aw predissociation on
the P, @, or R nature of the transition rather than on
the orientation of the dipole moment.

IV. DISSOCIATION ENERGIES

The dissociation energies of the O,(X’<;), Ojla‘m,),
and O}(b ‘T;) states can now be determined as we have
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previously done, "' but with higher accuracy. For ex-
ample, the bond energy D(O,, X’Z;) is part of a spec-
troscopic cycle that includes the b‘E; state of O3 and the
separation energy W(N' =9, F,, 3P,) determined in

\MMLCHI" This cycle can be writien'!

’ T ——
E(03,b)+ T(v'=4,N' =9, F}) -

=D(0y, X)+ E(0°,'S%) + WIN" =9, F,°P,) .

The ionization potential E(O3}, b) was determined by
Yoshino and Tanaka®? from Rydberg series limits to

be 1465562 2 cm™'; the lonization potential E(O", ‘s?) is,
from atomic spectroscopy, ** 109 837.020. 06 cm™".
The energy T of the (v' =4, N’ =9, F{) level with respect
to the (v’ =0, N' =0, F}) level is 4551. 80+0. 05 cm"!, as
determined from the molecular constants of Cosby et
al.'* Substituting these values into Eq. (28) yields
Dy(0,, X) =41258.8+3.8 cm™!, where the uncertainty is
conservatively determined by the sum of the individual
uncertainties. The square root of the sum of the
squares of the uncertz'nties yields £2.6 cm™!. The
value for Dy(O,, X) compares with the determination of
Brix and Herzberg™ of 4126015 cm*!, obtained using
an entirely different spectroscopic cycle involving only
neutral O,, and our previous determination of 41262
+£10 cm™!, made in the way described above using a less
precise value for W.

(28)

Spectroscopic cycles can also be used to allow detér-
mination of the bond energies for the O3 a and b states.
For the a state,

E(03,b) - E(O3,a)+ T(v' =4, N' =9, F)
=D(03,a)+ WIN' =9, F{, *P,) , (29)

where the jonization potential E and bond energy D of

the a state are both referred to the lowest existing level
of this state v'' =0, J'' =5/2, Q''=5/2. The energy dif-
ference E(03, b) - E(O3, a) is determined from the mo-
lecular constants'® to be 21284.9£0.1 cm™!, leading to
D(03,a)=21270.7+1.8 cm™, For the b state,

D(0}, b, v’ =0, N' = 0)= AE(0!, D,-0, *P,)
~WN'=9,F,’P))+ T(v'=4,N'=9,F}). (30

The value of AE from atomic spectroscopy of 15 867. 862
£0. 005 cm™! is essentially “exact” on the scale of the
present study, and D(0}, b)=20405.521. 8 cm™.

The bond energies given above for these oxygen states
are among the most accurate bond energies now known.
Among neutral diatomic molecules, only the bond ener-
gles of the halogen molecules, H, and LiH appear to be
known to a similar or better accuracy. ¥ Among ions,
only H; appears to be as well determined. 3

It is also of interest to compare the difference in the
experimental values for the level W(v' =4, N' =9, F{) for
16,1603 and that for W(y' =4, N =14, F)) for ¥ 130; with
values calculated using the best available molecular
constants. The calculated energy difference®* w(9)

- W(14)=3.920.4 cm"'; the experimentally determined
difference (see Sec. II) is 1.9+2. 8 cm™'. However, the
data definitely show that W(9)> W(14), since all N' =9
kinetic energy spectra are broader than all N' = 14 spec-
tra.

V. BRANCHING RATIO TO ATOMIC STATES

' The discussion above in this paper has only considered
the possibility of dissociation from the b4Z;, v’ =4 state
to the limit 0°(*5°) + OCP,). In fact, levels with N' =15
in normal O} and N" = 18 in ' '%0; are energetically al-

——loweq to dissociate to the ’P, level as well, and levels

with N’ = 17 in normat 0} 0 in '%'%03 can dis-
sociate to all three *P, , , levels. However, the Kimetie -
energy spectra show absolutely no structure giving any
evidence of dissociation to the higher levels ’P,,o. A
careful comparison of the experimental spectra with
spectra calculated with varying proportions of ’P, or

3P, added to P, allows the determination of upper limits
to the branching ratios *P,/’P, and *P,/*P,. These up-
per limits are all less than a few percent, and are con-
sistent with all dissociation occurring to the *P, limit.
Figure 6 shows spectra calculated with different branch-
ing ratios *P,/*P, for the line 18 Q,, of ' %0} Clearly,
less than 1% of the dissociation goes to *P,. Earlier
data treated in an entirely different manner by Tadjed-
dine® led her to the value

3p,/3P,=0.007
for level 54Z;, v’ =4, N"=15 of normal O},

A quantitative theoretical prediction of the branching
ratio in any particular case would require first the com-
putation up to very large internuclear distances of the
potential energy and of the couplings for the whole mani-
fold of gevade states leading to 0°(4S")+O(*P), i.e.,

(in order of increasing energy at small internuclear
distances according to Beebe ef al. '*), X'n,, ‘c;, 71,
'z, %0, ‘Z; and second, for each value of J, the solu-
tion of two systems of 18 coupled equations each.

However, several limiting cases may be treated with-
out ab initio calculations. They are the cases of (i)
purely diabatic behavior of the system, (ii) purely adia-
batic behavior of the system, (iii) strong radial coupling
between all adiabatic states with the same &, (iv) strong
radial and angular coupling between all states with the
same ¢ or f character, ¥ and (v) the occurrence of cen-
trifugal barriers.

We shall inspect in turn these five limiting model
cases.

A. Purely disbatic behavior

In this model case, the dissociating state, either
‘Z; or £N,, is assumed to preserve its A and S quan-
tum numbers and its initial expansion over the Q’s up to
separation. From the determination of the (unique)
combinations of products of atomic wave functions of O°
and O for each of these states leading to species with
each Q, one gets the branching ratios shownin Table[I. One
may see that they slightly differ from one another, and
that the average over I for each state yields the statis-
tical branching ratio 5:3:1.

B. Purely adisbatic behavior

Here the system is assamed to preserve at all inter-
nuclear distances only the quantum numbers 2 and J and
to avoid any crossing of states with this same pair of
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TABLE [I. Predicted branching ratios according
to model case (1}, where the aystem behaves in a
purely diabatic way. .

State Q ‘P, P, ',
‘z; 3/2 3/s 1/5 /5
1/2 23/45 21/48 1/45
Average 5/9 3/9 1/9
r'n, 5/2 1/10 3/10 0
3/2 19/30 7/30 4/30
1/2 47/90  27/9%0 16/90
-1/2 11/30 15/30 4/30
Average 5/9 3/9 1/9

quantum numbers. Under these assumptions, as first
pointed out by Roche and Lefebvre-Brion, * according
to the above-recalled ordering of the molecular states,
both the ‘] and the f ‘11, states will correlate only with
the 0°(*s") + OCP,) limit, for all @'s. Thus, the
branching ratios will be 3P,:°P,: %P =1:0:0.

C. Strong radisi coupling between adisbatic states with
the same Q

Here the dissociating system is still assumed to pre-
serve 2 and J, but with numerous transitions between
states with this same pair of quantum numbers induced
by radial coupling. The probabilities for the system to
dissociate into each of the 0°(*s) + O(P,), i=2, 1, 0
limits will be proportional to cross sections ¢,, which
according to scattering theory are proportional to
k,\f,\?, where k, is the wave number associated with
each outgoing channel and f; is a scattering amplitude.
In the limit of strong coupling between various states
with a given @, the |f,1? will be proportional to the sta-
tistical weights of the @ components in each channel;
this mode! yields the branching ratios given in Table
IN. These branching ratios strongly depend on the ex-
cess energy above the various thresholds. Each chan-
nel opens with a probability zero at threshoid. Far
from threshold, the branching ratios are 4:3:1 for
=1/2, 3:2:1for @=4, and 24:17:7 in average. Of
course, the component  =5/2 should be inciuded for
the treatment of direct photodissociation a ‘I, ~f ‘ﬂ,.

D. Strong radial and anguiar couplings between all states
with the same ¢ or f character

The restriction of the coupling to the same e or f
character!! arises [rom the fact that no part of the
Hamiltonian couples states of different parity. This
restriction has to be considered in the case of '*'%03
isotope only, whereas it is automatically fulfilled for
the normal isotope.

In case (iv), the (f,!? will simply be proportional to
the statistical weiyht of eacu channel. Thus, the
branching ratio will be 5%,: 3k, : ky; far from threshoid,
it will tend towards the statistical ratio 5:3: 1.

E. Dissocistion process controiled by centrifugal barriers
The observation of the predissociation of the v' =4,

Pernot et a/.: Photofragmentation of O3

and of the v’ =4, N' =14 level of '%'%03, b°Z; (1.53
meV above threshold), both with nanosecond lifetimes,
precludes the presence of any barriers higher than a
few meV in the potential curve of the predissociating
state(s). In effect, it any of these states did have such
a barrier, that state would play no part in the predis-
sociation except for some quasibound levels in acciden-
tal coincidence with particular levels of b'Z;.

A centrifugal barrier might appear at higher values of
N’, precisely those where the levels (b'Z;, v’ =4, N')
lie above the limits O°(‘S’) + OCP, ;). If the centrifugal
barrier was at large enough internuclear distance for
the molecular states to already be split according to the
three exit channels, then it would be possible for the
predissociated level to lie above the barrier associated
with the ’P, channels, but below the barriers associated
with the two other channels.

However, this assumption would be in contradiction
with the observation® of the predissociation of ‘03,
5'c;, v' =3, N'=31 (<7 meV above the *P; threshold).
A rotational barrier cannot be more than 11. 7 meV high
[difference between the '*'*0;, v’ =4, N’ =20 level and
the 0°(‘s®) + O(P,) limit] at N" = 20, and simultaneously
less than 7 meV at N’ =31, even for two different iso-
topic species!

Thus, we are left with model cases (i) to (iv). The
branching ratios expected in each case are summarized
in Table IV along with the experimental data. Oaly
model (ii) agrees with the predissociation data.

However, it is difficult to reconcile the purely adia-
batic behavior observed in the predissociation with the
behavior observed for direct photodissociation to the
/1, state by Pernot ef al. ** They found a branching
ratio *P,: %P, : *P, close to the statistical ratio of 5:3: 1.
This was observed at energies of 91, 71, and 33 meV
above the three thresholds, which is comparable to the
energies of the v’ =5, N' =7 level of '* %03 of 116, 96,
and 88 meV abave the three thresholds. If, as proposed
in Ref. 9, the f ‘1, state is responsible for (22+10)%
of the predissociation of the b state, then it appears that
the 3P,: *P, branching ratio in the predissociation should
be (8:4)®, significantly different from the present re-
sults.

We have at present no good answer to this question.
One possibility would be that the f ‘11, state plays no
part in the predissociation and that the observed line-
widths® should be explained by a contribution of the 'L}
rather than the f ‘l’I, state. However, this explanation
is hard to reconcile with the location of the potential

TABLE II. Predicted branching ratios according to modei
case (iil), where strong radial coupling is assumed between
adiabatic states with same 2. If only channeis P, and ‘P, are
energetically allowed, the branching ratio ta obtained from the
same formula where &, is set equal to zero.

Q P, P, P,
12 '8 . .
32 W, o, [

Average by X (TRee LThy ¢ 240y} &, = (Shee 120+ 170y Ry x (g o 5h, o TRy

N =9 level of 103, *Z; (1. 76 meV above threshold)

[
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TABLE IV. Comparison of expected and cbserved branching ratios, considering predissociation only through
) the ‘Z; state. .
v
Photofragment energy W in
various ch. inela (meV) Model
State and line P, P, P, Ratio ) [TV R (T R (7 Experiment
lﬁoﬂoo' v/ =4
- 18 Qy 20. 86 1.21 eee P, o072 0 0.18 0.14 =0.005
18 Qy, 24.98 5.33 - P, 072 O 0.3¢ 028 s0.01
20Qy, 31.32 11.67 324 P:P, 0.7 0 0.45 0.371 s0.02
PP, 012 0 009 006 =002

.1602 v’ =5 p,:%P 0.79 0 0.67 0.55 s0.04
.,; } 115.8 9.2 87.7 ’P::’P: 011 0 0.23 0.17 =0.03
43
curve of the ’Z; state as calculated ab initio by Beebe channels 0°(‘s") + O(*P, ;) 1s perfectly consistent with the
et al.'* On the other hand, we can give no clear reason absence of any difference in the predissociation line-
why the ‘Z; (and possibly the Z;) state(s) would disso- widths® of the b ‘T; levels lying higher or lower than
ciate in a purely adlabatic way, whereas the f ‘Il, state these channels. Clearly, if the predissociating ‘2; state
would dissociate in a purely diabatic way. would have dissociated without any long-distance coupling
with other states, it would have fed the three dissocia-
Vi. CONCLUSIONS tion channels according to angular momentum algebra
[see above, model (i)}, and the predissociation rate :
It has been demonstrated that kinetic energy spectra would have been smaller below each of the upper thresh-
of photopredissociation {fragments from individual transi- ;44 than above. '

tions can yield the values of the anisotropy parameter

B of their angular distributions in the ¢. m. reference Extensions of this technique to an even more detailed
frame, with an accuracy of 0. 05 or better. The theory look at the dissociation process can be seen. It seems
developed by Zare™* to predict such angular distribu- possible to determine the quantum number Q of the

: tions for slow predissociations of molecules in Hund’s separating {ragments. The term A, (%) in Eq. (16) is

cases (a) or (c) was generalized to any kind of predis- computed through Eq. (17) with the assumption that the
sociation of diatomics, to any coupling scheme, and, in Q repartition is determined by the predissociation pro-
particular, to Hund’s case (b), which is relevant for the ~ cess and does not change during the evolution of the pre-
present experiments. For a large set of lines with dissociating state. If some coupling with other states
various quantum numbers J/, 2°/, J°, and N, the 8 occurs by rotational coupling during the separation of the
values derived from experiment and from theory were fragments, the final Q repartition may be different from

found to be in agreement. tne one considered in our calculations. From Egs.
(19)=(21), it is clear that, since in our case £ i8 much
From the same experimental data, photofragment smaller than J°, any disagreement between expected and

kinetic energies in the c. m. frame W were determined actual Q repartitions will be noticeable only in the cos’s
with an accuracy (near threshold) as good as £1. 1 cm. part of the angular distribution for the Q branches.

This high accuracy was used to improve the accepted However, in the present experimental setup, fragments
values of bond dissociation energies of O, and O} to ejected in the direction of polarization of the laser
within a few cm™'. The ensemble of W values directly (where cos%9 is maximum and equal to 1) are indistin-
obtained from experiment was in fair agreement with guishable from those ejected in any other direction per-
those predicted by D. L. Albritton using molecular con- pendicular to the ion beam direction. This can be over-
stants derived from earlier experimental data. come {f the circular apertures used for beam collima-~
tion are replaced by thin slits either parallel or per-

It was also shown that, whatever the energy of the pendicular to the laser polarization. In this way, a sig-
predissociated level above threshold was, even as high nificant variation of  during the final separation of the
as 100 meV, the atomic oxygen fragment was only fragments may be detected.
formed in the *P, [ine-structure level. Upper limits to
the relative yields of the two other levels (*P, and *P,) Another possible extension is the separation of the
were ‘2und to be of the order of 10°2. This selection M, components invoived in each line of the spectrum.

) rule was shown to mean that the *C; predissociating From preliminary work by Gaillard ef al., ' the lines
F state was dissociating in a purely adiabatic way, in are strongly broadened by introducing a magnetic (leld

contrast with the f ‘T, state previously studied in direct  210ng the ion beam, and therefore their M, components
photodissociation experiments. could probably be resoived in [avorable cases. This

arises (rom the fact that the spin vector S$ is much more
It is interesting to notice that the absence of any pre- aligned with respect to J in a given F' level of the Hund's ‘
dissociation of 5 ‘Z; into the two higher [ine-structure case (b) b ‘Z; state than in a given Q'' level of the Hund's

.
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case (2) a'Z, state. Theoretical angular distributions
have been worked out by Beswick.
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APPENDIX

The angular distribution is governed by the factors®
[see Eq. (18)}

Ly eal® =2 |CW LI ;M OM ) Diueg|? (A1)
'l'

where C(J''1J°;:M''0M’) is a Clebsch-Gordan coeffi-
cient®® and DJ.., is a Wigner rotation matrix element. #
Using the Clebsch-Gordan series for the product of two
Wigner matrices, 2 we obtain that
CW'"1 ;M OM" ) Digie g

=2 CW L0 14, @ = b, Q)Dfes D} aes - (A2)

»

Squaring both sides and summing over M’’, we find

Iyogeg(®=Y Z W10 51, U - 1, BICW' W7,

X9 = ', B Dl g-uDifamar I DinaDiTur 1 (A3)

and using the unitarity of the rotation matrices, we ob-
tain

Il'l“(a)=ZIC(J"1J‘;“! Q- K, Q)l ? lDl'hﬂ-ul ! ’ (A4)

which gives the final expressions (19)-(21).?
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APPENDIX D

Laser predissociation spectroscopy of the f‘H state of

°2+ a)

H. Heim,® P. C. Cosby, and D. L. Huestis
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Two quasibound vibrational levels of the f /T, state of O, have been observed by itoring 0" photc

resulting from ab
state have been derived from ional and i

ption of laser radiati bythen‘n snumﬁnlspecu'o.eoplccomunuforlh:f

. M ements of the predissociation

lmewudthsnndphowfngmmthneucenerpuhnvebemusedtomﬁneemmnuohhchme:mthaf
state potential curve and to identify likely predissociation mechanisms.

1. INTRODUCTION

The O} ion has been the subject of numerous experi-
mental and theoretical investigations to determine the
many electronic states of this important species that -
describe its physical and chemical properties. To date,
eight electronic states of this ion have been located by

" photoelectron spectroscopy’? and emission spectros-

copy. *® Five of these states have been observed at
sufficiently high resolution to allow accurate representa-
tion of portions of their potential energy curves.® This
makes O3 one of the better understood diatomic molecular
ions. Nevertheless, twelve electronic states™*‘yz*,

1, , are expected to arise from the combination of

0*(*5°) +OCP), the lowest energy separated atom limit

of theion.” Of these states, only the X 1, AN, and a'f,
states are known from the above experimental techniques.
Figure 1 shows several O; electronic states lying in the
region of the lowest separated atom limit that are rele--
vant to the present study.

Evidence for two additional states correlating to the
0’ (4s°) +OCP) limit has been obtained from the photodis-
sociation of O; . Measurements of the kinetic energy
and angular distributions of the O° phntofragments pro-
duced at several visible wavelengths have identified a
direct dissociation process (involving transitions from
the a *Il, state to the repulsive wall of the f*I1, state)
that correlates to this limit.* In addition, a predissocia-
tion of the O ions was also observed. Although initially
believed to be predissociation of quasibound levels of the
/N, state, ® whichis predicted by ab initio calculations!®*!
to have a barrier in its potential curve at large inter-
nuclear distances, these observations were later con-
clusively identified as transitions in the b ‘T; ~a*ll,
system in which those levels of the b state lying above the
0 (*s") +OCP;) limit are predissociated. '*'* Detailed
measurements of the predissociation lifetimes as a func-
tion of b state vibrational, rotational, and fine-structure
level led to the conclusion that the predissociation oc-
curred predominately through spin-orbit coupling to the
d'T; state.'®!® Unfortunately, only the genex '! loca-
tions of the 4°T *T; and £ T, states were established by
these measurements.

#'Research supported by Army Research Omcel and Atr Force
Office of Scientific Research.
Y'Max Kade Foundation Fellow at SRI International 1979-1980.
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We report here the first experimental observation of
quasibound levels in the _f‘n, state. Our observation con-
firms theoretical predictions of a barrier in the poten-
tial curve of this state at large internuclear distances.
The presence of this barrier is found to support at least
two predissociated, quasibound vibrational levels in
this state at energies above the O°(45°) +O(P,) separated

.atom limit. These levels are observed by pumping

transitions to them from v’ =5, 6 of the @ ‘1, state and
monitoring the production of O* photofragment ions.
Lifetime measurements suggest that the quasibound
levels are predissociated by tunneling through the po-
tential barrier and by coupling to other electronic states.

H. EXPERIMENTAL METHOD

The apparatus used in this study has been described in
detail elsewhere, !’ as has its application to the high-
resoiution spectroscopy of ions.'® Briefly, the beam of

20 lllIll”ll”l]llHHIII]I”ITTTTIIII”H1”
- -

0" (*s°) + 0('D)

ENERGY (107 em™")

-10

.20

p by v s gl

]
[YSIETETY IATININTIVEUTS IUSTNTITNE SURTNSNTT
1 2 3 4 5
INTERNUCLEAR DISTANCE (A}

FIG. a‘n, and b'E; states of Of are,shown together with all
gerlde states from lhe o'('s) *O(’P) limit. The potentials of
the a and the b states are the RKR potentials from Ref. 18,
The f state shown is the Morse potential generated using the
spectroscopic constants for the 2 = § component obtained in
this work. The potential curve of the 4 state is the theoretical
curve from Ref. 11. The remaining curves are the theoretical
curves from Ref. 10.
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FIG. 2. Wavelength dependence for the production of O° phatofragments having center-of-mass kinetic energies in the range 0-70
meV from O observed at low (1 cm™) resolution. The bands labeled (4,4) and (4,5) refer to the b ‘T;—a ‘N, system. The six
features produced from the photodissociation of the f401, state are labeled 1, 2, 3and A, B, C. The intensities for '*:'*0; and

#,1602 have been multiplied by 10° and 10%, respectively.

a tunable dye laser is made coaxial with a fast ion beam
of O3 over an interaction length of about 80 cm. The

Oj ions, produced by electron impact (100 eV) on O,,
are accelerated to typically 4000 eV, mass selected,
collimated, and merged with the laser beam. If an ab-
sorption of photons occurs that results in photodissocia-
tion, the O* photofragments produced are detected after
kinetic energy analysis.

The initial search for the new spectra was made with
the dye laser operating multimode and scanning the wave-
length of the laser with a birefringent filter. This method
results in spectra that are limited in resolution by the
1 cm™! laser bandwidth. Portions of these spectra were
then recorded at high resolution using a single-mode
ring dye lagser having a bandwidth of approximately +25
MHz (0.0003 A). In this mode of operation, kinematic
compression of the velocity spread in the ion beam
produces a total instrumental bardwidth of less than 100
MHz (0.003 cm*'). The actual res.lution actieved in
these spectra is limited by the natural linewidths of the
observed transitions. The wavelength variation of the
single-mode laser was accomplished by piezoelectrical-
ly scanning a 75 GHz free-spectral-range (FSR) air -
spaced intracavity étalon. This technique allowed con-
tinuous scans over a range of about 2 cm*! for a fixed
setting of the birefringent fiiter. At the beginning and

J. Chem_ Phys,, Val. 72

end of each scan the wavelength of the laser was mea-
sured using a digital wavemecer. The linearity of the
scan between these end points was monitored by ob-
serving the transmission of the laser through a 1.5 GHz
FSR confocal interferometer. The overall accuracy of
the measurements reported here was limited by the de-
termination of the linecenters of the lifetime broadened
transitions to approximately £0.05 cm™'.

1. RESULTS

The wavelength dependence for the production of O°
photofragments was measured over the wavelength range
of 6450-5750 A at low (1 cm™") resolution for %03,
6180, and '%1%0;, Figure 2 shows the spectra obtained
for photofragments produced with center -of -mass Kinetic
energies (W) between approximately 0-70 meV. The
', ') =(4, 5) and (4, 4) bands of the »'T; ~a*Tl, First
Negative System appear as the most prominent features
in the spectra, These bands have been extensively
studied and are well understood. '>'® In addition, a con-
tinuum due to direct dissociation {from the repulsive
wall of the 71, state® aj.vears as a background in these
spectra.

Six new features labeled 1, 2, 3 and A, B. C are ob-
served in the spectra shown in Fig. 2. The difference in

'5 September 1980
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the bandhead positions of 1 ~A and 2 ~ B, and the dif-
ference in the position of the envelopes of features 3 - C
coincide with the known separations®® of ¢/’ =5 and 6 of
the a *Tl, state in each of the three isotopic molecules.
This establishes that the lower (absorbing) level is

a'll, (' =5)tor A, B, Canda'll, (v'' =8) for 1, 2, 3.

In addition, the maximum center -of -mass kinetic ener-
gies of the photofragments produced in the bandhead
regions of these systems 18 found to be W~24 meV in
bands 1, A and W~40 meV in bands 2, B. Features

3, C, which do not exhibit a bandhead, produced photo-
fragments with W~57 meV in the regions of their maxima.
The differences in W among the two pairs of bands 1, A
and 2, B roughly reflects the photon energy separation of
their bandheads, as expected for a progression in the
vibrational levels of the upper electronic state. In ad-
dition, W was found to prorressively increase from the
bandhead values with decr: 1sing photon energy within
each structured feature. Such behavior ig consistent
with the red-shaded appearance of the bands, where

J. Chem. Phys,, Vol. 73 *°
D=3

decreasing transition energy is expected to access in-
creasingly higher rotational levels of the dissociating
state. In contrast, W was found to increase with in-
creasing photon energy within the unresolved features
3, C, as expected for a direct photodissociation process
or for predissociation in a violet-shaded band,

Given the known dissociation energy of the g state, %20
these observations suggest the four structured bands
1, 2, A, B arise in transitions from a ‘I, (&' =5, 8) to
two predissociated leveis of an electronic state lying
just above the O°(*s’) +O(CP) dissociation limit,

A. Bend identification

In order to understand the rotational structure of these
bands and thus identify the predissociated electronic
state, the features A, B, and C of '*!%0} were investi-
gated at high resolution. Portions of the high-resolu-
tion scans in bands A and B are shown in Figs. 3 and 4.
Each figure is composed of a number of individual étalon

A, 15 September 1980




2632 Heim, Cosby, and Huestis: Laser predissociation of O}
T T =T T I T T T T T T =T Y v H
P, 5.5 45 ' ‘
T 4% '
2: 15 6.5 . s5 1 |
T T \BE 1
5 P, 8.5 55 ‘
@ qQ, 75 B 6.5
3 R 8.5 T T 75 T |
3 ! T T — T 1 ;
et :
z !
¢ i
3 |
2 :
P |
-3 i
e
2 !
©
2 f
I
Q i !
: l
= |
Z |
-
d
-3
) | ] i ! 1 4 T S B I [ SR N
18675 16880 16685 16690

PHOTON ENERGY (cm™')
FIG. 4. Portion of the high-resolution spectrum of the (3, 5) band of the f~— a system (band B).

scans. Feature C was found to be structureless even
at high resolution and is not shown,

A first analysis of the high-resolution spectra was
made using the conventional method of second dif-
ferences.” In both bands A and B, two subbands could
be identified. In band B, the individual transitions are
well separated and the rotational analysis was straight-
forward. The lower state rotational constants obtained
from-the analysis were in agreement with the known con-
stants'® for a ', ('’ =5), thus confirming the assign-
ment of this state from the low-resolution isotope shifts.

The lowest lines appearing in the two subbands of B
were R(2.5), Q(2.5), P(3.5) and R(1.5), P(2.5), re-
spectively. In addition, the intensity of the transitions
in the @ branch of each subband was found to decrease
strongly with increasing J. The presence of consecutive
rotational levels in each subband of this homonuclear
molecule with zero nuclear spin, together with the in-
tensity distribution of the rotational lines,?! suggests
AA =0 for this band, i.e., a 1 =11 transition. In ad-
dition, the clear termination of the one subband at J'
=5/2 requires that the multiplicity of the upper state be
quartet or higher. The intensities of the cbserved bands
relative to those of the p —a system are consistent with
an allowed electronic transition. Thus, the upper state
is expected to be ‘ll,, The only ‘M, state lying in the
region of the observed bands'? is the £ ‘N, state.

For a 1~ {1 tra, sition in which both states are weil
described by Hund’s case (a/, the strongest features are
expected to be the P, @, and R branches of the major
subbands characterized by A3 =0." Based on the J'

3. Chem. Phys., Voi. 73, °
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numbering of the [owest lines obgerved, we identify the
two subbands f'll5, ,~a *ly,, and r*N,,,-a*N,,,. To our
knowledge, this is the first time that a ‘Tl = 'l transi-
tion has been reported. It is also only the second I1 -1l
transition with a multiplicity greater than three for
which a rotational analysis has been performed. 2

The lines in band A are substantially less well re-
solved than those of system B. Consequently, only the
2 =3 subband could be identified with certainty. In the
second subband the respective lines R(J +2) and P(J) ap-
pear persistently blended. However, the lowest line
observed could be assigned to R(1.5) and we attribute
this second subband to 2 =3 . Further support for these
assignments as well as those in system B comes from
measurement of the photofragment kinetic energies,
which will be discussed in 2 subsequent section.

On the basis of \he rotational analysis, it appears that
two vibrational levels in the ‘Tly,, and *1;,, substates of
f‘n, are predissociated, Term values for the observed
levels of the f state were constructed using the known
term values for the a ‘T, state and the measured transi-
tion energies. These values are given in Table I rela-
tive to the O°('<’) «O(*P,) separated atom limit. The
absolute accuracy of these values is limited by the un- |
certainty in the dissociation energy?® of the a state to
1.8 cm™!, However, the relative accuracy of the levels

eflects the optical precision of the present measure-
ments that is determined by the predissociation line-
widths., Whenever more than one observed transition
terminated in a particular upper level, as was the case
for two thirds of the leveis, the term value quoted is the

S September 19680
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TABLE 1. Rotational term values for the Q' =3 and Q' =3 sub-
states of v ' =2 and 3 of the 1, state. The energies, given in
cm*', are relative to the O*(*S") +OCP;) limit. The energy
scale 18 based on the dissociation energy D (O3, a'f,, v’ =0,
J” =3, R =HH=21270.70 cm™'.

Band A Band B

[I 4 v'=*3
s Q=i H L} i
1.5 344,224
2.5 109. 85 158, 32 303. 59 346.33
3.5 113.28 161.85 306. 53 349,27
4.5 117.61 166. 60 310.33 353.10
3.5 122,98 172. 08 314,93 357.70
6.5 129.32 178, 48% 320. 36 363. 09
1.5 136. 54 185, 780 326. 62 369. 36
8.5 148. 77 194.48° 333.68 376.35%
9.5 154, 03* . 341.50% 38427
10.5 164.13* o 350.13* 392. 98°
11.5 eseC cen 359,60' “aa
T8 105.64 154.01 300. 05 342.74
BY 0.48475 0.50053 0.41513 0.41653

Term value obtained from & single transition oaly.
"Obtained from completely blended lines.
‘Indicates an unobserved, but allowed, level.

arithmetic mean of the individual values obtained from
the different branches. These mean values deviated
from the individual values by less than 0.05 cm™ except
for the 8 =} component of band A, where the maximum
deviation was 0.15 cm"'. Such a large deviation may
not be surprising, since all lines in this subband are
blended and the width of the blended lines is typically
0.5 cm*,

As may be seen from Table I, the 2’ =§ components
lie lower in energy than the 8’ =3 in both vibrational
levels; that is, the f is inverted. Since the a state is
also inverted, we denote transitions in the @ =3 sub-
bands with index 1 and those in the @ =3 subbands with
index 2. Figures 3 and 4 show the assignment of the
lines in the high-resolution spectra using this notation.

The rotational term values for the individual sub-
states of the /I, state were found to be represented
within the measurement precision by the simple formula

FO=J'WJ' +1)B® .19, 1)

where BY denotes the effective rotational constant for
the substate & of vibrational level ¢ and T9 represents
the apparent term origin for this substate with respect
to 0°(*s’) +OFP,). The two constants are given in Table
I for the respective substates,

The fine structure coupling constant A; is, to a first
approximation, equal to the separation of the respective
term origins T2 - T3¥*  This separation is found to
be 48.4 and 42.7 cm"!, respectively, for the lower and
higher vibrational level observed here (see Table 1),

8. Vibrational analysis

Variations in the transition frequencies to the ob-
served predissociated vibrational levels of the r T, state

J. Chem. Phys., Vol. 73 N-
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with 18otopic substitution of the O; ion can be used to
establish the vibrational numbering of the levels and de-
termine the dissociation energy of this state.’ How-
ever, an isotope analysis of a multiplet band system
would normally be made using true band origins; that
is, the band origins would be obtained by subtracting
the magnetic contributions from the observed term val-
ues. Several difficulties preclude the direct use of this
procedure in the present experiment: {(a) discrete
structure attributable to the 3 =z 4 components does not
appear in the predissociation spectra; () only low-
resolution spectra are available for the '*!*0; and
&140; isotopic combinations; and (c) persistent biending
of the lines in the low-resolution spectra restricted an
unambiguous assignment to the =§ components of bands
1 and A, Consequently, we were forced to perform the
isotope analysis using the =} components alone.

The known vibrational spacings of the a ‘!, state were
used in the analysis together with the measured separa-
tions of the term origins, T%/2, of bands 2 -1 and B - A
of '%1%0; and the separation of the respective term ori-
gins of 1 ~ A in the three isotopic combinations. Assum-
ing a vibrational energy expression of the form

Gl=w)t-wix, &, @)

where

niey1/2
) , @)

g= o b (L

u is the reduced mass, and i and j represent 16 or 18,
the vibrational numbering obtained is t’ =2 for bands 1,
A and ¢’ =3 for bands 2, B. The vibrational constants
obtained are given in Table II. In subsequent discussion
we will refer to the structured bands 1, 2, A, and B as
(', ¢*')=(3, 8), (2, 6), (3, 5). and (2, 5), respectively.

C. Transition linewidths

The individual lines in the (3, 5) vibrational band
(Fig. 3) are separated well enough to determine the
variation of the linewidth I" as a function of the quantum
number J'. Since the instrumental linewidth is small
compared to the transition linewidths observed here,
we have taken I' as the full width at half -maximum
(FWHM) of the line profiles. Figure 5 shows the varia-
tion of T with J' for the @ =% and 3 components of the
(3, 5) vibrational band. The lines in the £ =} subband
are consistently about 6 GHz wider than those in the

TABLE 0. Effective spectroscopic con-
stants for the O =§ substate of 7n,.

w, 470.7 cm™
wex, 46.0 cm™
B, 0.6588 cm™'*
. 0.9696 cm™'*
1.79 A®

‘Obtained {rom the relation B, *B, -a,~
(r+}) and the 8" values {rom Table |.
*Derived from B,.

* & September 1980




2634 Heim, Cosby, and Huestis
40 LA R I S a S S )
S
3 3
4 8 o
14 n
= 7 @
= x
3 s o
£ 9 =
W 10 =
z w
3 e
16 3
20
30
j 50
0 [ L L1 13100
[} 20 4 60 80 100 120 140 160
JW+n

FIG. 5. Transition linewidths I' and predissociation lifetimes
r for the (3, 5) band of the f —a system as a function of J W’ + 1)
The dots and triangles are the experimental values obtained
from the Q=3 and } subbands, respectively. The full lines
represeat the best fitof EGs. (8a) and (8b) to these data. The
dotted line is the prediction of Eq. (8¢) using the constaats ob-~
tained from the fit of 'y and I';. The dot-dash curve represents
the tunneling lifetime of the Q' = § substate predicted by the
model potential barrier shown in Fig. 8.

2 =% subband. In addition, both fine-structure com-
ponents show linewidths which increase approximately
with J’(J’ +1). Since the lifetime of the levels in the

a ‘T, state is extremely long, the linewidths observed
here directly reflect the predissociation lifetimes of the
upper state. Figure 5 shows that the predissociation
lifetime 7 decreases from 3x 107" s for 2’ =} and 1.5
«10°'2 g for ' =3 as the rotation of the molecules in-
creases,

Persistent blending of the lines in the (2, 5) vibrational
band did not allow a systematic study of linew:idth varia-
tions 1n ¢’ =2, However, the single unblended line
R,(4.5) 1n this band was found to have a linewidth of
~13 GHz (i.e., a predissociation lifetime of ~12 ps) as
compared to ~ 7 GHz for the corresponding transition in
the (3, 5) band. The spectra indicate that the other lines
in the (2, 5) band have comparable or even larger line-
widths,

0. Photofragment kinetic energies

An independent confirmation of the consistency of the
rotational assignments comes {rom the measurement of
the kinetic energies of the photofragments. The term
values listed in Table | predict directly the photofrag-
ment energies with respect to the {owest dissociation
himit QP -0°%s"). This prediction 18 possible since
poth the term values and the dissociation energy of the
a ‘Tl state are known,

The O P! 41ssociation product has three cicsely
spaced fine-structure components., The energies of the
predissociated ievels of the + state relative to each uf
these three issociation Limits 18 shown in Fig. 6, 1t
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can be seen that all levels of ¢’ =3 lie energetically
above all three fine-structure states. [n addition, the
higher rotational levels of v’ =2 lie above the OCP,)
limit. Fligure 7 shows two examples of photofragment
kinetic energy spectra observed in the (3, 5) band. It
can be seen that predissociation of the & =} component
clearly populates both the OCP,) and OCP,) limits. The
branching ratio between these two fine-structure states
is estimated to be in the range of 1:1 to 4:1, depending
on the functional form assumed for the kinetic energy
distribution for the individual asymptotes. In contrast,
the @ = component favors the two higher dissociation
limits OCP,) and OFP,). Small contributions to the
third dissociation channel, however, cannot be excluded
in either of these spectra.

The predissociated levels in the 2 =3 component of the
(2, 5) band lie considerably lower in energy and are
found to dissociate to OCP,). Analysis of the kinetic
energy spectra of the =3 component of this band is
complicated by the fact that its R and P lines overlap.
However, the spectra clearly show that levels of this
component up to J' =9.5 primarily populate the OCP,)
limit, even though dissociation to the OCP,) limit was
energetically allowed,

The dominant predigsociation channels observed for
the 7'M, state are indicated in Fig. 8.

E. Bound-free transitions

The locations of features 3 and C in the low resolu-
tion spectrum of Fig. 2 would suggest assigning these to
a third vibrational level of the r state lying near the top
of the potential barrier. Such a level could have such
a short predissociation lifetime that development of the
band structure observed for lower vibrational levels is
prevented. However, the dependence of photofragment
kinetic energies (%) on waveiength observed in features
3 and C is markedly different from that observed for the
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FIG. 7. Photofragment kinetic energy spectra for the predis-
sociation O3f*N, (v’, R, J')= O°(‘s) +O’P,). Upper figure
v'=3, Q'=5/2, J'= 4.5, J=2,1; lower figure: v’ =3, Q'=4,
J'=3.5, J=1,0.
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other bands. In the struc ired bands, W is found to
increase with decreasing photon energy from the band-
head, as transitions to the upper state rotational leveis
lying at increasing energy above the dissoc: ition limit
are accessed. However, in feature 3, for example, W
linearly decreases from a vajue of 76 + 2 meV near the
approximate onset of the feature at 16000 cm™ to a
minimum value of 57+ 1 meV near the intensity maxi-
mum in the feature at 15875 cm*!, Further decrease in
photon energy between this wave number and the onset of
band 2 produces no further decrease in W, which remains
essentially constant at 57:1 meV., This behavior strong-
ly suggests that features 3 and C are due soiely to bound-
free transitions from ¢'’ =6 and 5, respectively, of the

a ', state to the repulsive wall of the r*ll, state. The
wavelength dependence of this bound-free transition
should exhibit a long wavelength cutoff corresponding to
the termination of this process by the potential barrier,
A quantitative description of this wavelength dependence
will not be undertaken here.

F. Additional features in the spectra’

The high-resolution spectrum of system A (Fig. 3)
shows, apart from the peaks assigned to the (2, 5)
band of £*Tl, -a ‘N1, transition, at least 40 other lines that
appear as narrow spikes on the broad (2, 5) lines. Nine
of these transitions could be identified as lines from the
{4, 5) band of b*T; ~a*N,, which extends into the region
of system A for }*'%0;. Three transitions could be
assigned to the (5, 6) band of the same system. Two
other lines that result in photofragments with kinetic
energies of 0.5 and 1.0 meV were identified as originat-
ing from the 2 =3 and 3} substates, respectively, of
a'll ('’ =4, N =27). We tentatively attribute the upper
levels involved to rotationally quasibound leveis of the
d'T; state. The remaining 27 transitions could not be
assigned on the basis of their transition frequencies
alone, Interpretation of these lines will require a de-
tailed study of their linewidths, photofragment Kinetic
energies, and isotope shifts,

IV. POTENTIAL ENERGY CURVES FOR THE [,
STATE OF O,

The N, state is known from theoretical calculations
to correlate adiabatically with O° (4S°) +OCP) separated
atom limit. All of the levels observed in the present
study lie substantially above the lowest OCP,) dissocia-
tion limit, and the ¢’ =3 levels lie above the O(P,) and
OCP,) limits as well. Thus the observed quasibound
levels must be supported by a maximum in the potential
energy curve at large internuclear distance. Since
predissociation over a wide range of rotational levels
from two vibrational levels is observed, such a barrier
cannot arise solely from centrifugal contributions to the
potential. Rather, an appreciabie barrier must arise
from an avoided crossing of an essentially repulsive po-
tential curve arising from O (4S°)+OCP) with a bound
*11, state arising from O°(‘S°) +O('D). Such a barrier has
indeed been predicted at internuclear uistances ranging
from 2.7 to 3 A in three separate ab initio calculations
of the /*TI, potential curve,'®!

~ 15 September 1980
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FIG. 8. Rotationless adiabatic correlation diagram for the

gerade states of O} arising from the O°(‘S") +OCP,) separated
atom limits.

A. Asymptotic correlations

Before we continue our discussion of the form ex-
pected for the £ 411, potential curve, it is useful to con-
sider the complications introduced by spin-orbit cou-
pling, As we have discussed above, a ‘Il state is ex-
pected to have four spin-orbit sublevels, described in
case (a)as =%, 3, 4, a4 -4, While the spin—orbit
interaction in oxygen is not large, neither are the en-
ergy differences under consideration. In the situation
of relatively low total angular momentum (J’) of interest
here, we may describe the sublevels of the f*l, state in
terms of four potential curves, one for each value of
. Such a description remains reasonable even in the
limit of very large internuclear separation, except that
as the electrostatic interactions become smaller com-
pared to spin-orbit, the states are transformed from the
case (a) appropriate to the molecule to the case (c) ap-
propriate to the separated atoms.

The understanding of this asymptotic spin recoupling
requires that we include all of the gerade states that
correlate to O°(!S’) +OCP). These various states are
shown schematically in Fig. 8. The correlations of the
spin-orbit sublevels are based on the calculations of
Beebe et al.,'® which suggest that for R>3 A the order-
ing of the gerade states is

d'C;< XM, <a®l,SE¥;<f M <] . (4

B. Potential barrier

An experimental lower limit on the height of the poten-
tial barrier in the f state may be obtained from the ener-
gy of the highest observed quasibound rotational level
relative to the dissociation limit. As seen from Table
1, the highest level observed in the high-resolution
spectrum is J' =10.5 in the ' =4 component of band B.
However, using the rotational constants and Eq, (1), the
assignme. *s in this component can be extended to J'
=15.5 in the low-resolution ¢  *rum (Fig. 2). To ob-
tain the barrier height for the 1 of witionless potential,
the centrifugal contribution’ J'(J’ +1)%#%/(2uR?) must
be subtracted from F3/%(15.5). Taking R, =2.7 A, the

J. Chem. Phys., Voi. 7”
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smallest value of the internuclear distance at which
theory predicts the barrier to occur, the lower limit on
the barrier height 1s found to be L'}*2>376 cm™ (46.6
meV). A similar calculation for 3’ =}, for which J'
=15.9 is also the highest level observed at low resolu-
tion, yields U'3/2>332 cm™ (41.2 meV). As we shall see
(Sec. V A}, such low barriers would lead to rapid dis-
sociation by tunneling; to obtain predissociation life-
times as long as those observed experimentally (see Fig.
4) with a barrier of reasonable thickness, these estimate
of the barrier heights must be increased by 20 to 30
cm"!, giving “best estimates” of L'}/%~395 cm™' (49
meV) and U'}/3~360 cm™' (44.6 meV). (See Sec. V A).

We note that these barriers are in remarkably good
agreement with the 47 meV calculated by Beebe ¢! al. 10

Crude upper -limit estimates for the barrier heights
are available from the photofragment energy distribution
of the bound-free bands 3 and C. The lowest photofrag-
ment energy (W) observed for these bands is 57x1 meV
(460 cm™!), This could be taken as an estimate of the
barrier height, but this interpretation is limited by the
contribution of rotation to the barrier maximum (-~ 4
meV for the most probable /'’ =10,5 assuming R, =2.7
A) and by the superposition of photofragments from the
four spin-orbit subleveis of the 7 state. At this stage
we can conclude only that the bound-free spectra are
consistent with the barrier heights derived from the
quasibound levels,

C. Dissociation energy

Assuming the lower vibrational levels of the f state
can be described by the vibrational constants in Table
II, these constants can be used to give the location of the
observed levels with respect to the bottom of the po-
tential weil. In addition, the location of these levels with
respect to the O°(4s) ~O(*P,) separated atom limit is
given directly from the measured photofragment sepsra-
tion energies (W) or, equivaiently, from the observed
transition energies and the known potential energy of
the relevant levels in the a state. Thus, the dissocia-
tion energy of the f*l,;,, substate can be estimated from
these values to be 784 cm™' (87 meV).

The full valence configuration interaction calculation
(FVCI1) of Beebe et al.,'® which used a minimum, Slater-
type-orbital basis set, predicts a value D, ~ 710 meV,

A more extensive FVCI calculation by Roche!! using a
double-zeta Slater basis set gives D, ~580 meV. Roche!!
has also carried out a much larger first-order configura-
tion interaction (FOCI) calculation which, in addition

to the configurations used in the FVCI calculation, in-
corporated both single and double excitations from the
dominant electronic configuration of this state at large
internuclear distance. This calculation predicts the
bottoL of the well of the f state to lie above the O*(*S’)
~O(P,) dissociation limit by approximately 47 meV.

Since the f *Tl, state has a maximum in its potential
curve at large unternuclear distances, it i1s interesting
to compare the experimx "ntal and theoretical values of
the “local” well depth ot this state, i.e., the difference
in energy (D) betweer the potential barrier and the po-
tential minimum:

8. 15 September 1980
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FIG. 9. Theoretical predictions for the location of the well of
the £'1, scate {FVCI-1: Beebe et al. (Ref. 10), FVCI-1I: Roche
(Ref. 11), FOCI: Roche {Ref. 11)]. The solid curve is the
Morse potential curve generated using the spectroscopic con-
stants given in Table II for the ‘M, substate. At R=2 42 A,
the Morse curve joins to the model Eckart barrier discussed in
Sec. VA,

D=D,+U,,

where U, is the height of the barrier with respect to the
OFP,) limit, Using the upper and lower limits that we
obtained for the barrier height, our estimate for D ranges
from 142 to 155 meV, excluding the uncertainty in D, .
The FVCI calculations of Beebe et al. and Roche predict
D =760 and 673 meV, respectively, The FOCI calcula-
tion of Roche, on the other hand, gives D =151 meV,
which is in very good agreement with our experimental
estimates.

The three theoretical potential energy curves for the
f‘ﬂ, state are shown in Fig. 9. Also shown in this figure
is the Morse potential curve for the ‘Il;,, substate gen-
erated using the experimental constants in Tabie [I, The
value of D=w}?*/(4w, x}) for the Morse potential is 149
meV,

V. PREDISSOCIATION OF THE f°Il, STATE

The present observations show that the 711, potential
curve supports two quasibound vibrational levels be-
hind a potential barrier. To explain the observed spec-
tral linewidths and predissociation rates, two mechanisms
of predissociation are availabie: (1) tunneling through the
barrier and (2) predissociation by other electronic states®
through spin~orbit and/or rotational coupling. As we
will see in the following, either mechanism may be in-
voked to explain the linewidths observed for both &’
components of the higher ¢’ =3 vibrational level, while
for ¢ =2 the barrier i8 too high ft * tunheling and pre-
dissociation by other gerade electronic gtates is re-
quired.

J. Chem. Phys,, Vol. 73, *

A. Barrier penetrauion

To estimate the characteristics of the potential energy
curve that woulid be r juired to explain the observed pre-
dissociation lifetimes vy tunneiing, we have examined a
series of model potentials obtained by connecting the
Mor se potential derived from the level positions with an
Eckart® parrier. Two of the four parameters in the
Eckart potential were specified by requiring that the
value and siope agree with that of the Morse potential
at the right-hand classical turning point. The predis-
sociation linewidths were then calculated from the ex-~
pression

T=@w/20T (5)

(see Ref, 24) using the known penetration probability (T}
for the Eckart potential combined with the effective vibra-
tional frequency w/2r derived from the spectroscopic
constants given for Q=3 in Table II. The remaining free
parameters in the Eckart potential (essentially the bar-
rier height and thickness) were varied over reasonable
limits and the calculated lifetimes compared with those
observed. For the extrapolated linewidth (J' =0) for

' =% of 4 GHz, agreement was obtained for barriers
from 360 to 375 cm*' high and 0.6 t0 0.5 A wide. Un-
fortunately, the potential resuiting from adding the
centrifugal barrier contribution, ¥%J'(J’ +1)/2uR?, is
no longer analytically solvable; therefore, effective
Eckart barriers were constructed for each J’, compiete-
ly constrained by the potential for J’ =0, through the
requirements that correct barrier height and outer bar-
rier turning point be reproduced. The observed in-
creasing dissociation rate with increasing J' is easily
obtained, as shown by the dot-dash curve in Fig. 5.

The corresponding potential barrier is shown in Fig. 9.
In the notation of Morse and Feshbach® for the Eckart
potential, the parameters for J' =0 are 4 =0.84, v
=12802, d=1,18 A, with a barr.er height of 360 cm™!

and a barrier position of 2.68 A. The width of the bar -
rier at the energy of J' =0, ' =%, and ¢’ =3 is 0.602 A.
For small variations (of a few cm-!) in the barrier height
similar agreement can be obtained with suitable varia-
tion of the barrier width. One expects that equally good
agreement could be obtained for Q/ =, but we have not
yet performed these calculations; we have been awaiting
a better determination of the vibrational constants for
that substate, Based on the observed lifetimes we esti-
mate that the ' =3 rotational levels are approximately

7 em™? closer to the top of the 3 =3 barrier than the
corresponding values in the ' =2 substate. If this trend
persists in the §' =4 and 2 = - ; components, their line-
widths would be so large as to prevent their observation
in the present experiments.

Levels lying any substantial distance below the barrier
are much less likely to dissoci. ‘e by tunn-ling. Indeed,
for the potential curve shown in Fig. 9, the lifetimes,
with respect to tunneling, for 1’ =2 are predicted to be
more than eight orders of magnitude longer than for
t' =3. The experiments reported here show that ' =2
has the shorter lifetime; thus it requires an additional
predissociation mechanism.

15 September 1980
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B. Spin-orbit and rotational coupling

Several gerade states of O; are known to correlate

with the lowest 0°(*S’) « O(’P) asymptote (see Fig. 1).

In addition to the £ *Il, there are the well known X1,

and the less well known d T}, along with the poorly
characterized £25;, 2%, , and °T; states. In principle 1
all these states can contribute to the predissociation of
the 1 ‘n, state. However, the x’n, state is too strongly
bound and the °T; state too strongly repulsive to interact
effectively with the quasibound levels of the 7 ‘N1, state,
The d'T; state has been found in previous experimental
studies® 13 to explain the predissociation of the §'C;
state. In addition theoretical calculations'™ ! predict
that it crosses the f ‘T, state onthe inner wall of the po-
tential curves. The E‘T; and a®fl, states are known only
from theoretical investigations.'® These calculations by
Beebe ¢t al. predict that their weakly attractive potential
curves intersect that of the f ‘11, near the energetic dis-
sociation limit just to the left of the maximum between 2.1
and 2.6 A, as illustrated in Fig. 1. Thus, there isa
sufficient supply of potential predissociating states, and
the available experimential information must be used to
decide which effects are dominant. As we shall see be-
low, there are suggestions that all three predissociating
states (E ®T;, d*T;, and a®N,) may play a role and that
much interesting work remains to be done,

The major tool for analyzing the perturbations comes
from the observed predissociation lifetimes. As we have
discussed above, the lifetimes for the ' = and 2’ =}
components of the v’ =3 level show a strong dependence
on rotational quantum number (Fig. 5). The transitions
involving v’ =2 also appear to increase in width as J’
increases, although the transitions are extensively over-
lapped (see Fig. 3). Such a dependence would result from
predissociation induced by rotational coupling. The only
one of the candidate predissociating states that can
produce this effect is the d*Z;, for which both spin~
orbit and rotational contributions to the coupling exist.

To investigate the expected rotational dependence we
express the predissociation linewidths using the Fermi
golden ruie®:

T, =27 ¥, 0, R)| V(R)| ¥glr, RV 2. 6)
Here ¥,{r, R) and ¥g(r, R) denote the rovibronic wave
functions of the predissociated discrete level n and the
dissociative continuum wave function at energy E, re-
spectively. V(R) is the operator that couples the bound
and dissociative states, The contribution of the d ‘T;
state can be approximated by

T =2rQ HCNL ‘SH2, M

}

where the summation extends over all c. mponents (7)
of the = state which interact with a particular fine-
structure level ¢ of the 7 1, state (i =1, 2, 3, 4 for &
=%, 3, 4§, <%, respectively). The assumption of the
additivity of the predissociation rates is equivalent to
assuming that oni s a small phase difference between the
components is accumulated {rom the point of interaction
to the dissociation limit. This is expected to be the case
for the ¢ 'T; state, Further, the large spin-orbit cou-

J. Chem. Phys.. Vol 73
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pling constant (4’) for the r state, together with its smail
rotational constant (B’), ensures that to a good approxi-
mation the f state may be described in Hund’'s case (@)
coupling at low values of J' (Y’ =4’ B'~100), We have
evaluated [, from Eq. (7} using the matrix elements
given by Kovacs® for the *Il(a)-*T* pertyrbation:

T,x g@RJ' =302J7 +5), 8a)
T,xd i van g, + 03402 <4J" 29}, (8b)
Tyxd E3obn, £,@2J7 +5)-n}2J' -58, (8¢c)
r,=T,. (8d)

The parameters §, and n, are the vibronic matrix ele-
ments for spin-orbit coupling

£ =0T 2(: a,l,,,'m,)
and rotational coupling

m=\S;{BL,'0,) . (10)

T, and T, given by Egs. (8a) and (8b) can be fitted to
the measured linewidths. As illustrated in Fig. 5, the
formulation outlined above explains reasonably well the
observed J dependence for the 3/ =3 and 3’ = sublevels
of +* =3. One important difference remains in that the
predicted low J' dependence deviates significantly from
that observed for 82’ =3: T, does not drop to zero at
J' =3 as predicted, but remains at the finite value of ap-
proximately 4 GHz, While determination of I' in the ex-
periment is difficult due to the presence of a continuum
background and the partial overlap of the Lorentzian pro-
files of neighboring transitions, the difference between
the predicted and observed dependence at low J' is well
beyond the experimental uncertainty. Substantial line-
widths are also observed in the 1/ =2, Q' = }spectra at
low J',

9)

We should also consider our failure to observe the two
higher fine-structure components $¢' =} in both ¢’ =2 and
3. Based on the spectroscopic assigngment derived from
the observed bands, we would predict that the 3’ =2}
subbands should have been discermble in the vicinity of
the other subbands if the linewidths of the former were
less than about 30 GHz. We can estimate the contribution
of the d *T; state to the apparently larger predissociation
rates of these components in the ¢’ =3 level. Using the
values {, and 7, obtained from the fit above, we can pre-
dict Ty and T, from Eq. (8). This result is shown by
the dotted lines in Fig. 5. Clearly the perturbation ‘I~
*= should lead to linewidths for R’ = - } small enough to
be determined in our experiment, Similar arguments
hoid for the ' =} component at low JJ'. Finally, cal-
culations of ‘N-"1 transition line strengths®® indicate
only insignificant variations among the various fine-
structure components for two [l states belonging to the
same coupling ~ase.

Thus, voupling to the 4 state alone cannot explain
either the finite linewidths observed at low /' for the
%' = . components or the apparently rapia predissociation
of the 3¢’ = ¢ § components. Both of these discrepancies
can be accounted for in the 1’ =3 level by barrier penetra-
tion (Sec. V A). However, tunneling does not offer a
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reasonable explanation for these same discrepancies in
the ¢’ =2 level. An explanation for the rapid predis-
soclation of the ' =+4 components can be obtained by
invoking the participation of the E T} state shown in
Fig. 1. This state is expected to consist predominantly
of the same configurations as the d‘Z; state. The in-
teraction of a Y1 and T state must proceed through spin-
0. 9it coupling with only small contributions due to rota-
tion. Using Eq. (6) and the matrix elements from
Kovacs, ?* we may predict the linewdiths I} arising from
the perturbation f *li,-E2Z; to be:

rizo0, (11a)
[} 0 +small contribution (xJ'?}, (11b)
T4x§ 2 +small contribution (xJ'?), (11c)
T%«}%tZ+small contribution (xJ’3) . (11d)

Here £, is the vibronic matrix element describing spin~
orbit coupling

£.=C'M, (T ,3,1,1%;) .
Thus if £, is comparable in magnitude to £,, the Q' =}
and -~} components should have much larger linewidths
than predicted by Eq. (8) and would therefore be un-
observable as discrete transitions. It should be noted
that the additional perturbation of the f state by the E
state leads to no additional linewidth contribution for
the 2’ =3 component.

Finally, we must consider the contribution that the
a M, state could make to the predissociation of the f 'l ,
As illustrated in Fig. 8, the a®ll, has six fine-structure
sublevels &=}, %, %, {, -4, -3), five of which cor-
relate adiabatically with OCP,) while the highest € = -1
correlates with OCP,). To our knowledge, matrix ele-
ments describing the interaction of quartet and sextet
states have not yet been published. In Hunds case (a)
we expect rotational coupling only between states of equal
spin. Thus the interaction between the a ®Nl, and 7 'I,
states must proceed predominantly through spin-orbit
interaction between sublevels of equal £, All four com-
ponents of the f state will therefore be subject to pre-
dissociation by the a‘ﬂ, state. These contributions
should be largely independent of J’ in the ’=% component,

Thus, both the J’ dependence of the transition line-
widths and the two missing fine-structure levels can be
explained by coupling to the d*C;, ET;, and a°l, states,
although tunneling through the potential barrier offers
an attractive, alternate explanation for these features in
v' =3. A comparison of the linewidths in the two vibra-
tional states would allow conclusions on the location of
these various electronic states. Unfortunately, the line-
widths for the transitions to v’ =2 are too wide and the
lines too blended to extract quantitative information on
their /' dependence. The low-resolution spectra of
%1803 indicate narrower linewidths or at least less
blendwd [ines. We anticipate a detailed study on the
linewidths of this isotopic combination in the future.

C. Branching ratios

As Pernot et al.®® have noted, quantitative prediction
of photofragment distributions depends on the details of
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rotational and spin-orbit recoupling among the relevant
electronic states at large internuclear distance. This
requires a better understanding of the long-range po-
tentials and configuration mixing than is presently avail -
able. However, if we assume that the long-range inter-
actions are predominantly adiabatic, we cancompare
distributions predicted by the previously discussed pre-
dissociation mechanisms with the experimental observa-
tions summarized in Fig. 6.

The (rotationless) adiabatic correlations shown in
Fig. 8 suggest that most of the fine-structure levels that
predissociate the 2/ =3 and ¥ components of the f ‘1,
state should lead to OCP,) photofragments. The only
exceptions are the E2Z; (1 =4) and a®l, (2 =3) levels,
which correlate adiabatically with OCGP;), but are only
weakly coupled to the ' =% and 3 levels of the f state.
These arguments are consistent with the observations
that O(P,) is the predominant product produced in the
predissociation of ¢’ =2,

In contrast, the Q' =3 levels of 1 =3 are observed to
dissociate to OCP,} and OCP,) while the §i’ =} levels
dissociate to O(P,) and OCP,). This production of
OCP,) photofragments is clearly inconsistent with the
adiabatic correlations given above. However, if the
major predissociation mechanism for this vibrational
level were barrier penetration, the 2’ =% levels would
go to OCP,) and the 2’ =4 levels to OCP,). Long-range
interactions with the °T; state shown in Fig. 8 could then
channel some of the dissociation to the OCP,) and OCP,)
limits, respectively, and thus explain the observed
branching (see Fig. 7).

VI. CONCLUSIONS

Two quasibound vibrational levels have been ob-
served in the f ¥l1, state of O} via the absorptions f ‘I,
(' =2, 3)=a'l, (' =5, 6). Vibrational and rotational
constants are determined for these levels, This is the
first ‘-'I1 system for which a rotational analysis has
been possible. In confirmation of theoretical predictions,
the quasibound levels are found to be supported by a
substantial barrier in the rotationless potential curve of
the f state, with an estimated height of > 360 cm™ (45
meV) for the 2’ =4 component. The observed lifetimes,
product branching ratios, and the energies of the levels
strongly suggest that predissociation of the v’ =3 level
involves tunneling through the potential barrier. In con-
trast, these observations suggest that predissociation
of ! =2 involves perturbations from the d‘Z;, E*c;,
and oM, states.

.

Note added in proof. Photofragment kinetic energy
spectra measured over a wide photon energy range have
been used to experimentally determine the repulsive
region of the f‘ﬂ‘, potential curve between 0.05-0.8 !
eV above the O°(‘S’) + O('P,) separated atom limit [F. J.
Grieman, J. T. Mosely, R. P. Saxon, and P. C. Cosby,
Chem. Phys. (‘n press)). These measurements, which
average over coatributions from all four fine-structure
components, are consistent with the approximate po-
tential curve for the ‘ﬂm substate shown in Fig. 9.

15 September 1880
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APPENDIX E

LASER PHOTOFRAGMENT SPECTROSCOPY OF NO*
I. PREDISSOCIATION OF THE 21 STATE?

P. C. Cosby and H. Helm
Molecular Physics Laboratory
SRI International
Menlo Park, California 94025
ABSTRACT
Not ions, produced by electron impact on NO, are observed to predisso-
ciate into 0+(AS°) + N(ASO) when irradiated by a dye laser at wavelengths
between 6600-~5650 A&, The highly structured wavelength dependence of the
photofragments reflects absorptions from three vibrational levels in a long-
lived NO+ electronic state to 20 vibrational levels of a predissociated elec-
tronic state. The transitions are tentatively identified as
23H(v'=0-19) « 2'32(v"=8-10). The weakly-bound 23ﬂ state is found to lie
0.698 - 0.925 eV above the lowest separated atom limit of NOo* and to adiabat-
ically correlate to the N+(3P) + 0(3P) limit. This state is also found to be
homogeneously perturbed, most likely by the 3” state arising from the
0+(480) + N(2D°) limit and to be predissociated by the £55+ state. The
predissociation lifetimes for all rotational levels in v'=(0-8 are > 1.6 ns.

Perturbations in b' I (v=9) and W A(v=5,6) are discussed.

8Research supported by the Air Force Office of Scientific Research and the
Army Research Office.
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I. INTRODUCTION

Because of its exceptionally low heat of formation, NO+ ig the most abun-
dant chemical species in the thermosphere and is a key reactant at lower alti-
tudes.l'z’3 Yet, in contrast to its isoelectronic neutral analogue N,, very
little spectroscopic information has been obtained on the electronic structure
of No*. Only the élﬂ * 512+ Miescher-Baer bands® have been identified in a

nitric oxide gas discharge. They are also the only emission bands that have

5,6,7

been rotationally analyzed. Two additional band systems attributed to

+
12 have been observed at low resolution in the

7,8

b3 » 't ana b x

fluorescence from an Not ion beam. Nevertheless, a relatively complete

description of eight low-lying electronic states of not has emerged from the

combination of these measurements with electronic structure calcula-

9,10,11 12

tions and the photoelectron spectroscopy of NO. Current knowledge of

these states has recently been reviewed by 4i.rirron, Schmeltekopf, and Zare13

who derived the Not potential energy curves shown in Fisure 1.
Experimental information on electronic states ahove the lowest dissocia-

+4 4
tion limit 0 ('S°) + N('S°) 1s only fragmentary. Theoretical calculations

11

by Michels predict twelve additional bound states to lie within 24 eV of the

NO Ezﬂ ground state. Only two prominent features are observed by photoelec-

tron spectroscopy above the lowest dissociation limit.lz They refer to bound

states at 21.72 and 22.7 eV. Photoabsorption,14,15

15,16

photodissociative ioniza-

and photoelectron-photoion coincidence17 spectroscopy of NO,
18-20

tion,

together with studies of the spontaneous and collisional dissocia-

20-22 of N0+, have also probed the Not electronic states in this region,

tion
but none of these techniques has achieved sufficient resolution to permit

state identifications.

ot




We report here the initial application of predissociation photofragment
spectroscopy to the investigation of NO+ excited states. This technique
allows the first observation of bound-bound absorption transitions in Not.

The transitions are pumped by a laser and are detected by observing the
subsequent predissociation of the upper electronic state to 0+(4S°) + N(aso)
products. Measurement of the kinetic energies of these photofragments estab-
lishes the absolute energy locations of both the (lower) absorbing and (upper)
predissociating states with respect to this lowest separated atom limit of

no*

. The transitions are attributed to 23H(v'-0, 19) « b‘32-(v"-8, 9, 10).
Vibrational analysis of the absorption bands indicates the 23H state
correlates to the N+(3P) + 0(3P) separated atom limit and exhibits a shallow
well (Do > 0.21 eV) at an internuclear distance near 1.7 A, Abrupt changes
observed in the vibrational spacings suggest this state is homogeneously
perturbed. Portions of the spectra are observed with sub-Doppler resolution
allowing complete resolution of a complex rotational structure which could not

yet be assigned. The absorption linewidths yield a predissociation lifetime

of » 1.6 x 10-9 s for the lower vibrational levels of the 23H state.




ITI. EXPERIMENTAL METHOD

.

The apparatus used in the present study has been described in detail

elsewhere,z3

as has its application to the high resolution spectroscopy of
molecular ions.24 Briefly, the beam from a tunable CW dye laser is made
coaxial with a fast ion beam of No* over an interaction length of about

60 cm. The Not ions are produced by electron impact ionization of NO in a
high pressure ion source (0.5 torr, ~ 100 eV electron energy). The ions are
accelerated to typically 4000 eV, mass selected, collimated, and merged with
the laser beam. If an absorption of photons occurs which results in photodis-
sociation, the photofragments, Nt or 0+, which are ejected perpendicular to
the direction of laser polarization are detected after kinetic energy anal-
ysis. The time interval between formation of the NO+ ions in the source and
their irradiation by the laser is estimated to be between 12-30 us, the
principal uncertainty in this estimate being the residence time of the ions in
the source.

Most of the spectra reported here were obtained with the dye laser oper-
ating multimode at a bandwidth of approximately ! cm-l and irradiating the No*
ion beam within the cavity of the laser. The advantage of high photon flux
obtained using this technique is partially offset by the doubling of each
absorption transition by the opposite Doppler shifts produced by photons
propagating parallel and antiparallel to the ion beam velocity. Scans of the
dye laser wavelength were made over the range of 6600-5650 ? for various
settings of the energy analyzer to detect either Nt or ot photofragments
produced with center-of-mass separation energies (W) between 0 and | eV. More
limited scans were made using the extracavity beam of the laser to irradiate
the ion beam. 1In this case only a single Doppler component is observed, but

at a substantially reduced signal to noise ratio.
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Portions of the spectra were obtained using the extracavity beam of a
single-mode ring dye laser having a bandwidth of + 25 MHz (0.0008 cm-l). The
laser was scanned over wavenumber ranges of ~ 1.5 cm_l by piezoelectrically
tuning an intracavity etalon while modulating the laser cavity length to
obtain a homogeneous distribution of laser frequencies between its 100 MHz
cavity mode spacing. The procedure increased the effective bandwidth of the
laser to between 50-100 MHz. A substantially smaller bandwidth could be
achieved by fixing the laser frequency and velocity tuning the ion beam.
However, this necessitated a more limited wavelength coverage than was
required in the present study. The total apparatus produced linewidth of an
absorption is the convolution of the laser bandwidth with the Doppler width of
the transition due to the finite velocity spread in the No* ion beam. The
coaxial arrangement of the laser and ion beams together with the use of rela-
tively high ion beam kinetic energies reduces this Doppler contribution to
< 100 MHz.

During the course of these measurements, the previously reportedls-zo
metastable decomposition (spontaneous predissociation) of No+ was observed to
produce ot fragments with W = 50, 140, 220, 300, and 370 meV, This fragmenta-
tion is not influenced by laser irradiation at wavelengths between 6600-

5650 A. No higher energy ot fragments and no Nt fragments arising from meta-
stable decomposition were detected. It should be noted that the weak features
observed at W = 95 and 181 meV in the kinetic energy spectra of Govers and
Schopman19 did not appear in the present measurements, probably reflecting the
difference in {on sources and flight times between the two experiments.

In addition, no direct photodissociation processes (bound-free tra.si-

tions), which would arise from perpendicular transitions to repulsive No*

states, were observed between 6600-5650 A. The direct dissocitation of Not

e bk,




to N+, which has been observed25 in a parallel transition at an unspecified

argon ion laser wavelength, was not investigated here.




III OBSERVED SPECTRA

More than forty No* absorption bands are observed between 6600-5650 £
which produce o* photofragments with W in the range of 0~900 meV and Nt
photofragments with W . he range of 0-600 meV. The most prominent band
system produced ot photofragments with W between 698~925 meV. Only this pre-
dissociation band system will be discussed in the present paper.

The wavelength dependence for the production of ot photofragments between
6500-5750 A with various center-of-mass separation energies (W) is shown in
Figure 2. The data were obtained intracavity; the Doppler doublets are sepa-
rated by ~ 5 A at 6000 A. Two prominent vibrational progressions appear in
this wavelength range. For the purpose of discussion, the members of these
progressions are labelled ay = ag and Bl - 85. The reason for this choice
of subscripts will become apparent.

The variation of photofragment separation energy with wavelength is an
important factor for the identification of the spectra. If we follow any
given band in Fig. 2, we observe a maximum intensity at a particular setting
of the energy analyzer. For example, bands o and Bl are observed with
maximum intensity in the W ~ 711 meV spectrum. A composite spectrum of the
two band progressions which reflects the absorption strengths of the transi-
tions rather than the kinetic energy distributions of the resulting photofrag-
ments may be constructed by piecing together wavelength scans at the optimum
energy analyzer setting of each band. Such a spectrum is shown in Fig. 3 for
the wavelength range of 6600-5650 A,

More detailed information on the photofragment separation energies is
obtained by setting the laser to a fixed wavelength within each band and scan-

ning the energy analyzer. The value of W observed in each (f the bands is




given in Table I together with the photon energy of the transitions
(Gv',v")' It can be seen that within each of the progressions a and B8, the
variation in W from one band to the next corresponds directly to the photon
energy difference of the bands AGV,. We may therefore conclude that pro-
gression a 1involves transitions from one vibrational level of the absorbing
state to 1l closely-spaced vibrational levels in the upper electronic state
which predissoclate. In addition, bands 50 - 85 have the same values of W
and AGV, as bands ag - a5 in the progression at higher photon energy.
This demonstrates that both progressions share the same upper state vibra-
tional levels. The relative numbering of these levels is given by the sub-
scripts in the band designations.

The energies of the absorbing levels in the lower electronic state, rela-
tive to the ot + N limit produced by the photodissociation, are obtained by

subtracting the transition energy G + .- for each band from the photofragment
]

v
kinetic energy W observed in the band. These values are listed in the last
column of Table I. It can be seen that the a bands arise from a vibrational
level of 1.323 eV below the separated atom limit whereas the B bands
originate in a higher vibrational level located 1.187 eV below this limit.

The similarity in the rotational structure of the a and 8 bands suggests
that each progression originates from the same lower electronic stcte.

In addition to these two strong progressions, two weaker progressions
produce ot photofragments with center-of-mass kinetic energies between 830-
925 meV. These transitions, labeled y and 6, {n Fig. 4 appear at wave-
lengths between 6134-5914 A and 6379-6268 A, respectively. It is clear
from the W ~ Gv',v" values in Table I that the Y bands originate from the

same lower vibrational level as the B bands, but access higher vibrational

levels in the predissociated upper state. The & bands, on th: other hand,

o
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originate from a third, higher vibrational level in the absorbing electronic
state, The vaiues of W, together with the upper state vibrational spacings,
show that the pairs of bands a8 and Y8’ ag and Yg’ as well as alO
and Y10 each share the same upper state vibrational levels. Similarly, the
four pairs of bands Y13-613 through Y16-616 also share common upper state
vibrational levels. Thus, three absorbing vibrational levels in an upper
electronic state are observed in the 6600-5650 A wavelength region.

Band «a and portions of bands «a ~ag were investigated at high reso-

0
is shown in Fig. 5. The transition

2
lution. A 0.5 A segment of band «

4
linewidths observed here, as well as in the other bands, are ~ 100 MHz,
corresponding to the apparatus—induced linewidth. This places a lower limit
on the predissociation lifetime of the upper electronic state of

T4 > 1.6 x 10_9 Se The high resolution spectrum of band x, was found to
consist of more than 280 resolved transitions having no discernible pattern
other than an apparent clustering of rotational lines into three groups sepa-
rated by approximately 10-12 cm-l. It should be noted that detection of tran-
sitions in only the P and R branches of the band is expected here. Photofrag-
ments arising from Q-branch (AJ = 0) transitions, which are expected to be
preferentially ejected in the center-of-mass frame along the direction of

laser polarization,26

will be greatly attenuated by the angular discrimination
of the apparatus. Rotational analysis of this spectrum has not yet been
possible, but even without it we are able to identify the observed transitions

primarily on the basis of the measured photofragment separation energies, as

discussed i{n the following sections.
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IV DISCUSSION

A. Identification of the lower electronic state.

The locations of the three absorbing vibrational levels in the lower
electronic state below the O+ + N separated atom limit are directly given by
the W - Gv',v" values listed in Table I. The energies of these levels aver-
aged over the «, 8, vy, and & bands are -1.323 ¢+ 0.002, -1.187 t 0,005, and
-1.055 £ 0.005 aV. The error limits here refer only to the relative uacer-
tainties in the measurement of W. An absolute uncertainty of t 8:8?3 eV 1in
the W measurement is the actual accuracy with which the abolute energy of this
group of three levels can be established.27

The separation of the lower state vibrational levels can be more pre-
cisely determined from the photon energy difference of bands terminating in
the same upper state vibrational levels. These separations are given as

AGVN in Table I. Average values of AGV" = 1098 £ 6 <:m--1 and

AGV"+1 = 1036 + 6 cm_1 from the four progressions each contain an unknown
error due to our use of band centers rather than band origins, in the absence
of a rotational analysis. This error is manifested by the small, but statis-
tically significant, decrease in AGv" with increasing upper state vibra-
tional level. The magnitude of the error introduced by the use of band
centers, however, 1s not likely to exceed 6 cm_l; measurements of these band
separations from other locations within the rotational envelopes of the bands
give values for the lower state vibrational spacings which agree with the
band~center values to within the stated precisions.

Although the measurement of photofragment kinetic energies establishes
the locati.n of the lower state vibrational levels with respect to ot + N, the

electronic states of the photofragments must be deduced indirectly. If the

predissociation leads to the lowest separated atom limit O+(4S°) + N(ASO).

E-10




the lowest of the three vibrational levels would lie 18.80 eV above

+
NO Z?H (v=0). Dissociation to the next higher ot limits: O (450) + N(ZDO),

+
O+(2D°) + N(ASO), or O (ASO) + N(2P°) would place this vibrational level

at 21.17, 22.12, or 22.37 eV, respectively. However, it is unlikely that
bound states at the energies required for the production of electronically

excited photofragments would be present in the ion beam. No features appear

12

in the NO photoelectron spectrum ~ at these energies, which indicates such

levels would not be populated by direct ionization of NO in the ion source.

Nevertheless, electronic states not observed in the photoelectron spectrum are

10,11

predicted by theory to lie in this general energy range. These states

are bound at internuclear distances too large to permit their production in a
direct ionization process or involve multiple electron excitations but could '?
conceivably be producezd by radiative cascade from higher states. Suvch higher
states would, however, be metastable with respect to predissoclation by the

manifold of states arising from the two lowest separated atom limits. Indeed,
production of ot and Nt 1s observed in the photodissociative ionization spec-

15,16

trum of NO at all photon energies above these respective thresholds. In

addition, no production of Nt or ot from the unimolecular decomposition of Not
in a beam is observed from states above 20.5 eV, indicating the predissocia-

tion lifetimes of such states, if formed, is much shorter than the ~ 10-5 S

i

transit ftime between the ion source and the photon interaction region in the
present experiment. We therefore conclude that the observed photon-induced
predissociations produce photofragments in their ground electronic states.

Further support for this conclusion 1s presented in Section IV B,

Eight of the 22 electronic si tes which arise from the two lowest

dissociation limits have been defined experimentally. Using the molecular

]
constants13 for these eight states, we may calculate the locations of their '
i
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vibrational levels in the energy region of our observed lower state levels.

Only three of these states, the A'IZ-, 2'32-, and EIA, have vibrational

spacings in the vicinity of the measured values of 1098 and 1036 cm~l. The
calculated positions of their vibrational levels with respect to the

0+(AS°) + N(ASO) separated atom limit are given in Table II. It can be seen
from this table that the A' state must be excluded from the list of candidate
lower states because the locations of its relevant vibrational levels are

0.05 eV away from the observed levels, which is well beyond the combined
uncertainties in these locations.

In addition to these well characterized states of NO+, theory predicts
two additional bound states, the 212+ and perhaps the 23A, to lie in the
energy range of interest here. Neither of these states has been previously
observed and several considerations speak against either of these states being
the lower state observed in the present experiment. The Franck-Condon overlap
between the relevant vibrational levels of these states with NO(E?H) is very
poor. In addition, the 23A state cannot be formed from NO(&ZH) in a
single electron removal process. Neither state appears in the photoelectron
spectrum of NO. Hence, it is unlikely that e¢.rher of these states would be
populated by direct ionization of NO. Formation by radiative cascade is also
unlikely, for the reasons discussed earlier in this section.

We are therefore left with the choice of two possible lower state
candidatas: 3'32- (v'=8, 9, 10) and EIA (v"=5, 6, 7). The consideration
of candidate upper states for the photodissociation will narrow this choice to

the b' state alone.
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B. Vibrational Structure in the Upper Electronic State.

The lowest vibrational level of the upper electronic state which

+ 0.005
- 0.010

above the 07(%s®) + N(%S°) separated atom limit. This level is accessed by

predissociates 1n the wavelength region of 6600-5650 A lies 0.698 eV
bands ao and Bo in Fig. 3. A detailed search of this spectral region gave
no indication of lower energy vibrational levels in this electronic state
(see, e.g., the W = 628 meV spectrum in Fig. 2). The relative intensities of
transitions to the upper state levels from each of the three vibrational
levels in the b' state are given in Fig. 6. It can be seen that the
intensities from v"“=8 and 9, which otherwise exhibit a periodic variation with
upper state level, abruptly terminate at our lowest observed level. This sug-
gests assignment of the W = 0.698 eV level to v'=0. We note.that the long
predissociation lifetimes of these levels, as evidenced by their narrow
absorption linewidths, demonstrates a predissociation caused by a weak inter-
action. It is unlikely that the onset of this interaction would begin
abruptly at other than the lowest upper state vibrational level. However, the
intensities of the observed bands reflect not only the vibrational overlap
between the lower and upper states in the electronic transition, but also the
overlap between the upper electronic state and the state inducing the predis-
sociation. Since the predissociating state is presumably unbound in the
region of the interaction, the overlap between it and the upper state should
also vary smoothly. The combination of these two variations, on the other
hand, could result in several upper state vibrational levels having unobser-
vably small predissociation rates. If these levels were the first several
vibrational levels of the upper electronic state, this could a'so be consis-
tent with the present observations. Nevertheless, it is convenient to adopt,

for the sake of discussion, the assignment of the lowest observed level to
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v'=0 while awaiting future work on the isotopically substituted ion to confirm
the assignment. Thus, bands ay = @y, correspond to (v',v") = (0,8) ~-
(10,8), bands .BO - Bs correspond to (0,9) - (5,9), bands Yg = Yip
wcorrespond to (8,9) - (16,9), and bands 613 - 619 correspond to (13,10) -
(19,10).

The upper state vibrational spacing may be accurately determined from the
spacing of the band origins in the observed progressions. However, as men-
tioned in the preceeding section, the absence of a rotational assignment
requires that the band origins be approximated by other features of the band
rotational envelopes. The envelopes of transitions to v' < 6 exhibit a
well-defined bandhead on the high photon energy side of the bands and isolated
rotational lines on the low photon energy side. In the bands for transitions
to v' > 6, however, the bandhead becomes increasingly diffuse and the isolated
rotational lines blend with lower energy bands as the spacing of the bands
decreases. In order to minimize the influence of these changes in the band-
shape, we have chosen to measure the vibrational intervals as the difference
in photon energy between band centers, defined as the mean pnoton energy of a
band at the intensity half-maximum of its rotational envelope.

The upper state vibrational spacings, AGV,, determined from the centers
of the observed bands, are shown as a function of mean upper state vibrational
quantum number, (v' + 1/2), in Fig. 7a. The squares, circles, open triangles,
and closed triangles are the values determined from bands «, B, Y, and

5, respectively. The error bars for (v' + 1/2) = 0.5 - 6.5 reflect the vari-
ation in AGV, values obtained using the separations of bandheads, isolated
rotational lines, and band centers. Thus, the magnitude of this variation
gives some measure of the influence of changes in the upper state rotational

constants with vibrational level on the apparent upper state vibrational sepa-
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rations determined from the band centers alone. The error bars for points at

(v' + 1/2) 5 7.5 reflect only the uncertainty in locating the band centers.

The slope of AGv, in Fig. 7a'exhibits a strong discontinuity at

v' ~ 4, The magnitude of this discontinuity far exceeds any possible
uncertainty in the upper state vibrational spacing arising from the use of
band center separations rather than band origins. 1Its presence suggests28’29
that a homogeneous perturbation occurs in the upper electronic state. This
will be discussed in Section IV D.

The observed values of AGV, are replotted in Fig. 7b as a function of

the energy of the upper state vibrational levels with respect to the
0+(AS°) + N(48°) separated atom limit (Wv.+1). The functional dependence of
the energy eigenvalue separations of a Morse oscillator on such a plot is that
of a parabola with its apex near the dissociation energy of the oscil-
1ator.29 Also shown in Fig. 7b are the corresponding energies of the nine
fine-structure combinations possible for the N+(3P) + O(3P) separated atom
limit. Taking into account the t ?O meV uncertainty in the absolute
energies of the observed levels, it i{s clear from this figure that the upper
electronic state adiabatically correlates to N+(3P) + 0(3P). Since the energy
difference between N'(3P) + 0(3P) and 07(%s®) + N(%s°) s unique, this
observation lends additional support to the argument made in Section IV A that
only ground state photofragments are produced in the predissociation of the

observed NO+ levels.

C. Identification of the Upper Electronic State.
The selection of candidate upper states can be restricted to those
correlating to the N+(3P) + O(3P) limit which can reasonably be expected to

exhibit the vibrational frequencies and homogeneou. perturbation discussed in
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the preceeding section. In addition, we require an upper state that is
optically connected to either the E}A or 3'32- lower state by a dipole-
allowed transition. A further considetation which could be introduced is that
the candidate upper state must be predissociated by a state arising from the
ot (%s°) + N(%s®) 1imit. In practice, however, the long predissociation life-
times and the absence of observable changes in this lifetime with upper state
vibrational level do not make this latter consideration sufficiently restric-
tive to aid in the upper state identification. Discussion of the predissocia-
tion mechanism will be given in Section IV F.

The EIA state would be optically connected in allowed transitions only
to the é}ﬂ and the 21H states, The molecular constants of the A state are

known13

up to v = 10, If we extrapolate these constants five vibrational
levels into the energy region of the observed predissociation, the vibrational
spacing of the A state is found to be three times larger than the observed
values, In addition, the vibrational overlap between these A state levels and
E}A (v"=5,6,7) 1is very poor.

The properties of the 21H state are known only from molecular structure
calculations. The potential curve calculated by Thulstrup, et a1.10 for this
state is drawn 35 the upper dashed curve in Fig. 1. The curve of Michelsll is
qualitatively siailar, but with the bottom of the inner well at 23.2 eV and
1.4 A, It can be seen from this figure that in order to pump vertical tran-
sitions from the relevant vibrational levels of the W state into bound levels
of the ZIH state in the region of 20.9 eV, the potential curves of Thulstrup
et al., and Michels would have to be lowered by ~ 1 eV and ~ 3 eV,
respectively.

The large number of rotational lines observed at high resolution in band

a, effectively eliminates these singlet states fron consideration., A

2
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ln - 1A band, which has the highest complexity of known singlet systems,

28
would consist of only six rotational branches. In order to produce the
observed 280 rotational lines that differ by less than a.factor of 10 in
intensity, the rotational temperature of the ion beam would have to be
> 800 K. In contrast, we have found30 the rotational temperature of 02+ ions
formed by electron impact on 0y to be 400 £ 50 K and fully expect a similar
temperature for No*. It is therefore very unlikely that the upper electronic
state in the observed bands is a singlet.

If the 2'32-(v-8, 9, 10) 1is the lower electronic state, there are also

two states optically connected to it in allowed transitions: the £3H and

the 23H. The same difficulties occur for the 9.*_3' transition as were

discussed for the A}H + ElA; namely, the (extrapolated) vibrational spacing
of the b state is much larger than observed for the predissociated upper state
and the vibrational overlap between these states is poor. On the other hand,
the properties of the 23H state are qualitatively in agreement with those
expected from the observed transitions, which makes it the most likely
candidate for the predissociated upper state.

The potential curve of the 23H state calculated by Thulstrup et al.lo
is shown as the lower dashed curve in Fig. l. The curve calculated by
Michels11 for this state has an outer minimum of ~ 0.5 eV at ~ 1.95 A and
no inner minimum. Each of these calculations yields a 23H potential curve
which allows vertical transitions to this state from the 2}35-(v"-8—10) and
has the shallow potential well necessary to explain the small upper state
vibrational spacings observed in the predissociation spectra. In addition,
both calculations predict one or more avoided crossings between the 23H

state and other curves arising from higher No* dissociation limits. In the

calculations of Thulstrup et al., one of these perturbations occurs within the
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bound region of the potential, leading to the formation of a second minimum at
shorter internuclear distances. Such a feature would qualitatively account
for the abrupt change in vibrational spacings observed iﬁ the predissociation
spectra. However, it should be emphasized here that neither the calculations
of Thulstrup et al. nor Michaels, which employ limited basis sets, purport to
quantitatively describe the NO+ electronic states in this energy region.

In summary, the following arguments have led us to identify the main
features of the observed band systems as 23H - 2'32- transitions: a. The
energy locations and vibrational spacing of v = 8, 9, and 10 of the b' state
agree with the lower state vibrational levels measured in this experiment; b.
The complexity of the band structure, coupled with the apparent clustering of
rotational lines into three groups, is consistent with a 3H « 32_ combina-
tion; c¢. The predicted position of the 23H state allows good vibrational
overlap with the relevant b' levels; and d. The homogeneous perturbation
predicted for the 23ﬂ state is consistent with the perturbed vibrational
spacings observed in the upper state. Additional confirmation for this

identification comes from the observation of a rotational perturbation in the

v = 9 level of the 2'32- state, which 1s discussed in Section IV E,

D. Location of the Upper State

As we have discussed in the preceeding sections, the uniform intensity
distributions within the predissociation bands, coupled with the gradual
variation of rotational features within each v" progression, suggests treating
the observed upper state levels as consecutive vibrational levels in a single
e'ectronic state, the 23H. The upper state vibrational spacings arising
from this single-state interpretation (Fig. 7) show a change in slope between

v' = 4 and 8. We have modeled a single potential energy curve such that its




vibrational eigenenergies correspond to the observed 23H levels and posi-

tioned it at various internuclear distances until the vibrational overlap

between its levels and '2'32-(v"-8, 9, 10) reflected the intensity distribu-

tions observed in the predissociation spectra. The resulting potential
energy curve is shown by the dashed curve in Fig. 8. Because rotational
constants for the upper state vibrational levels are not available to fix both
the internuclear distance scale and the relative slopes of the curve at its
inner and outer turning points, the curve shown in this figure is not a unique
description of the 23H potential curve and should be regarded only as a
schematic. However, the wide potential well shown by this curve, which is
necessary to support the narrow spacing of the observed vibrational levels,
and the general region of internuclear distance at which it is drawn are
features of the 23H potential energy curve which should be substantially
accurate if the observed predissociated levels are attributed to a single
upper state potential.

Both of these features present somewhat of a dilemma when trying to
emplain the breadth of the rotational band structures observed here for the

23H « 2}22- system: The main band features spread over a range of 30 to

50 cm'l. Such a narrow distribution in a 3H <« 32 transition can only be
achieved if the rotational constants in both states are similar and the fine-

structure constant of the 3H state is relatively small.31

We have attempted to model the rotational envelopes of the %1 « Ef32-
transitions using the known rotational constants for the b' state (see next
section), the rotational constants calculated for the 23H potential curve
shown in Fig. 8, and a ro.ational temperature of 400 K. The resulting band

structures were red degraded and extended over several hundred cm-l. Band

structures approximating the predissociation spectra could only be achieved by

s
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incorporating one of the following devices: (a) Assuming rotational levels

J > 10 were either not populated in the b' state or were not predissociated

in the upper state; or (b) Assuming a rotational constant for the upper state

which was nearly equal to that for the b' state, i.e., by moving the potential
curve drawn in Fig. 8 to substantially shorter internuclear distance.

As will be shown in the next section, there is evidence that high rota-
tional levels are indeed observed in the bands. Hence, we rule out (a) as
being responsible for their narrow appearance. In addition, we could not
account for the vibrational intensity distributions when the upper state
potential curve was moved to the shorter internuclear distances required in
(b). Of course, when comparing the intensity of the predissocliated levels to
Franck~Condon factors for the 23H « 2‘32- transitions, we neglect contribu-
tions to these intensities from the vibrational overlap between the 23H
state and the predissociating state. This neglect may be partially justified
on the basis that we observe (at high resolution) no linewidth variations
among the various vibrational levels. We also note that no features are
observed in the NO photoelectron spectrum at energies near our observed upper
state levels. This suggests that the 23H state must lie at sufficiently
large internuclear distances to prevent its being reached in vertical transi-
tions from NO.E?H(V = 0). Consequently, moving the 23ﬂ potential curve to
shorter distances does not seem justified.

We must therefore consider the possibility that the observed vibrational
structure of the upper state arises from the interplay of two separate elec-
tronic states of 3ﬂ character that perturb each other only slightly. For
the purpose of d?’scussion, we will uame these two states 53ﬂ and 5'3H,

where x refers to the state at ghorter internuclear distance. If the X state

is bound more strongly than the_i', then vibrational levels at energies above
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the well of the x' state will exhibit effective rotational constants which are
intermediate between those of the unperturbed states and vibrational spacings
for the unperturbed states that are bigger than those appearing in Fig. 7.
The actual relationship between those two states could be similar to the
interaction between the Q?Hu and E'Bﬂu states in Ny. There the C state,
with the deeper well and lying at shorter internuclear distance, intersects
the inner wall of the potential well of the more weakly bound C' state.
Carroll and Mulliken32 have proposed that the intersection of these states 1is
not avoided, but produces an overlapping of the vibrational manifolds in each
state. The rotational constants within each level then vary in C and C'
character as the degree of perturbation between the two manifolds changes.

This mechanism is also known to prcduce violent perturbations in the
spacing of vibrational levels within the manifold of each state. In the
present case of N0+, strong, regular displacements could be realized 1if, say,
every third upper state vibrational level were assigned to E?H (e.g.,
v' =0, 3, 6, ...) and the remaining levels to 5'3H. This would allow a
symmetric perturbation of the levels in each state and may account for the
contiguous nature of the band shapes and intensities. However, even approxi-
mate treatment of this problem will require information on the properties of
at least one of thase states outside the perturbed region.

Some additional, although negative, information on the 23ﬂ state s
obtained from photoelectron spectroscopy. No significant structure appears in

the NO photoelectron spectrum12

which could be associated with the predisso-
clated levels of this state. However, an Iintense peak is observed in the
spectrum at 21.722 eV, Four Rydberg series involving excita*ion of the

J/

*
NO 5 28 orbital have been identified which converge to this same energy.l“

These observat.ons have suggested that the origin of an No* state lies at this
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energy with an equilibrium internuclear distance close to that of NO(X'T)

and an electron configuration of
* * *
ols2 o] 132 0252 o 251 02p2 n2p4 U4 Zpl. (1)

Lefebvre-Brion33 has calculated the properties of the NO+ states arising from
this configuration and found that assignment of this feature to a 3H state

is in best agreement with the experimental observations. This state has been

12,33 3 11

named ¢ 11 by analogy with the N2 state having the same configuration,

£3Hu, which adiabatically correlates to very highly excited atomic

products.34 The approximate location13

of this state is shown in Fig. 8.

The configuration of the 23H state has not been reported; however, we
know that it must correlate to the N+(3P) + O(3P) separated atom limit. Only
three 3H configurations are possible from this limit. One of these is

11

known to describe the R?H state. We therefore attribute either of the

remaining configurations:
*
ols” o lsz 0252 o] 252 ch2 anl o 2p (2

or

* * *
ols2 o 152 6282 o 252 chl n2p3 n 2p2 (3)

to the 23H state, Configuration (3) is equivalent to the major configura-

11 of the E’3Hu state in NZ' Thus this state is l.kely tne isoelec~-

tion
tronic analog of the 23H in Not. However, it is clear from Fig. 8 that,

despite the analogy with N2, the EBH state is too far removed in energy to
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be the x3H component of the 23H state which was discussed above. Rather,
a third 3H state will most likely be responsible for the homogeneous pertur-
bation of the 23H. Figure 8 does suggest that the repulsive wall of the

23H state will pass close to the potential well of the £3H state. Even
the weak coupling expected between (1)-(2) or (1)-(3) would predissociate the

17 have found that

¢ state. Indeed photoelectron-photoion coincidence studies
the ¢ state is completely predissociated to N+(3P) + 0(3P).
The theoretical calculations which are presently available do not
accurately describe the NO+ potential curves above the first separated atom
limit. This 1is particularly unfortunate in the present investigation since
the states in this region are expected to have strongly mixed configurations,
particularly at the larger internuclear separations observed here. Thus
existing calculations are of little assistance in identifying the true form of
the 23H potential curve. We are currently analyzing the numerous other
predissociation bands, apparently unrelated to the present band systems, which
terminate in levels above and below those discussed here. Hopefully, some of

these bands will provide additional information on the location of the pertur-

bing 3H state.

E. Rotational Features in the Bands

Detailed comparison of the low resolution spectra of the a and 2 band
systems shown in Fig. 3 reveals marked differences in their rotational
envelopes. These differences are shown more clearly in Fig. 9 where the (3,8)
and (3,9) bands are given on an expanded wavelength scale. Although both
bands have the same gzeneral shape, the rotational structure in the (3,9) band
is decidedly less congested. This suggests that v" = 9 of the b'BX- state
has fewer rotational levels populated among the not ions in the beam than does

v" = 8,
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g The b'3Z- state is not the lowest triplet state in the NO+ manifold

} (see Fig. 1). It may radiate in allowed transitions to the E?H [the (9,0)
band origin would be at 5272 A]. However, transitions in the b' > b system
have never been observed despite intensive searches in spectra emitted from
discharge lamps. Field7 suggests that the triplet states of Nt are quenched
in the discharge faster than they can radiate. Evidence for a long radiative
lifetime for the b' state comes from the ion beam emission studies of Maier
and Holland.8 Several features in their spectra have been attributed to tran-

- +
sitions in the 3'32 > 512 system, induced by spin-orbit interaction

between the é}H and Ef32 states.7 Their measurements indicate lifetimes

1 of order 10 us for several vibrational levels in the b' state. The corres-

- 1 +
ponding system 332 > Xz in tta isoelectronic CO molecule is also known3S

1]
w

to be long-lived (= Us).

The time required for No¥ ions in our experiment to reach the laser from
the ion source is about 20 us. Therefore, an appreciable fraction of the b'
state levels that are populated during the ionization process will be lost due
to radiation. This direct radiative loss should be essentially uniform among
the rotational levels, hence the Boltzmann distribution of rotational levels
in the ion source will be retained during the transit time of the beam and
will be similar within each of the vibrational levels in the b' state. How-
ever, v" = 9 of the b' state is locally perturbed by the v = 3 level of the
é}ﬂ state, whereas the v" = 8 and 10 levels are not. This perturbation was
first predicted by Fie1d7 and has more recently been observed by Albert{ and
Douglas6 in the AIH > 512+ emission spectrum. Figure 10a shows the devia-

tion of the rotational term positions measuvred by Alberti and Douglas for the

e levels in v = 3 of the A state from the term values that are expected in the

absence of the perturbation. The discontinuities in this figure arise from




vne near—degeneracy of several rotational levels in éIH(V-B) with the
corresponding levels in the F (N = ;-l) and F, (N =J+ 1) components (e
levels) of 2'32-(v"-9). Perturbation of the f levels by the Fy (N =)
component is also observed.

The A state is short-lived (56 ns);36 hence, the radiative lifetime of
the perturbed rotational levels in the b' state will decrease to a degree
dependent on the strength of the perturbation. In order to assess this effect
on the rotational distribution of Not fon arrivi.p at the laser, we have
analyzed37 these perturbations using a nonlinear least-squares fitting

38

procedure employing the rotational energy expressions given by Herzberg and

Kovacs39 for the 32- and 1H states, respectively. The resulting deper-
turbed molecular constants obtained for élﬂ(v-3) and b'3£-(v=9) are given
in Table III. Also given in this table is the value obtained for the spin-
orbit matrix element (Hso) that couples these states. We note that it differs
by less than 10%Z from the estimate given by Field.7 Using these constants,
together with the measured lifetimes of 56 ns for the A state and 10 us for
the b' state, we have calculated the lifetime of individual rotational levels
in BfBE_(v=9). The predicted lifetimes of the F; and F5 components of this
state together with those of the e levels of é}n(v=3) are shown in

Fig. 10b. A similar dependence is found for the F2 component and the f levels
with their respective lifetime extrema occurring at J = 22. The resulting
effect of this perturbation on the rotational distribution in 2'32-(v=9)
after a 20 ps beam transit time is shown by the solid curve in Fig. 10c. In
comparison with the 400 K Boltzmann distribution that should characterize the
3'32-(v-bf leve's, which is shown by the dashed curve in this figure, an

apprecisble fraction of the higher r tational levels of v = 9 will not be

present in the beam at the time of photoabsorption. The loss of these levels
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likely accounts for the different rotational envelopes in the v" = 8 and

v" = 9 progressions.

3 3.-
A second prominent feature in the band structure of the 271 « b'"Z

transitiors is the two isolated lines which appear in the low resolution
spectra, Fig. 3 and 9, on the long-wavelength side of each band terminating in
v' € 7, Above v' = 7, the lines appear to be blended with ad jacent band
structures due to the decreasing vibrational spacing in the 23H state. The
spacing within each pair of lines is weakly dependent on upper state vibra-

1

tional quantum number, varying from 22 em lat v =0to 15 cn ! at v' = 7,

and is comparable in both the v" = 8 and 9 progressions. The isolated line
which appears in Fig. 9 with Doppler components at 16654 and 16669 1::m-1 was
examined at high resolution. It was found to consist predominately of two
strong transitions separated by 3.00 cm-l, each having linewidths < 100 Mhz.
A number of other, weaker features also appear in this wavelength region as
well as in the interval between this "line” and the main band.

The sudden onset of the 1gsolated lines at v" = 0 in both the v" = 8 and 9
progressions, their intensity pattern, their photofragment kinetic energies,
as well as the upper state vibrational spacings derived from their spacings
are all consistent with the bands which we have attributed to the

23H « Ef32— transitions. This strongly suggests that these lines also
terminate in the 23H state. However, the substantial separation of the
lines from the main body of each band makes it difficult to associate them
with the same rotational envelopes. In addition, the lower state separation

1

derived from the isolated lines (1110.1 cm - at v' = 0 increasing to 111l4.4 at

v' = 4) is s_gnificuntly different from that derived from the main band fea-

1

tures (1101.7 cm ~ at v' = 0 decreasing to 1098.9 at v' = 4). These difficul-

ties might be explained 1f the population of a high rotational level in the
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b'32- state were substantially increased due to perturbations in both v" = 8

and 9 by near-degenerate levels in a longer-lived state, e.g., the E?Z+'
However, the photofragment kinetic energies produced at these lines are less
than 80 <;m"l higher than the lowest kinetic energy photofragments produced in
the main body of the bands. This precludes the rotational levels corres-
ponding to the isolated lines from being more than ~ 5 quanta larger than
the average rotational level within the main body of the bands. Such a small
difference in rotational quantum number is insufficient to explain the large
separation of the isolated lines from the main band structure.

A more likely explanation would be to attribute the isolated lines to
transitions into the 23H from a lower state other than the Ef32_. The
lower—-state spacing of the lines restricts the choice for this state to both
the é‘lz- and the EIA (see Table II), but only the W state could be
sufficiently long-~lived to persist in the NOt {on beam for the required
transit time. In order for the 2%n « EIA transitions to occur with reason-
able intensity, the W state would have to be perturbed by near-degenerate
levels of a triplet state to lend it sufficient triplet character. Intersec-
tion of E}A(v=5,6) at J < 30 with all candidate perturbing states can be

ruled out on the basis of their known molecular const:ants13

with the exception
of the E?H(V-II,IZ), where the molecular constants are known only for

v < 2, The (W, b) perturbation would occur only in the 3H2 substate;
hence, the 23H * EIA transition from a single perturbed rotational level
could give rise to a maximum of three A-doubled 1lines for each of the upper
state vibrational levels. If the intensity of the Q branch were weak, or if
the photofragments arising from this branch were attenuated by their angular

distributions, then only two pairs of lines would appear in the spectrum.

These 23ﬂ « E}A transitions could account for the isolated rotational lines.
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F. Predissociation Mechanism
The high resolution spectra of the bands terminating in v" = 0-8 show no

measurable variation in transition linewidths. Rather, the observed line-

widths are apparatus limited demonstrating that predissociation of the 23H‘

state occurs only slowly (predissociation lifetimes > 1.6 ns). Because only

0+ photofragments are produced, the state responsible for the predissociation

1,3,5,7 .+

must be one of the four states ( L) arising from the N(4S°) + 0+(4S°)

12+ 3.+

limit. The X and a'L states are too strongly bound to interact effec-

tively with bound levels of the 23H state and the 7Z+ state is not
directly coupled to the 23H state (AS = 2), This leaves the ESE+ as the
best candidate for the predissociating state.

The g?Z+ state is coupled to the 23H state through the spin-orbit
operator. The general effects of this interaction on the linewidths (Fn) of
the predissociating transitions may be investigated using the Fermi golden
40

rule:
T = 22l<¥_(r,R IV (e, )12 . (4)

Here Wn(r,R) and YE(r,R) denote the rovibronic wavefunction of the predis-
sociated level n and the continuum wavefunction at energy E above the disso-
ciation limit, respectively, and V(R) is the operator that couples the bound
and continuum states. The use of equation (4) to predict the linewidths of
the transitions neglects any linewidth contributions from the properties of
the lower state {involved in the transitions, 2}32_. This neglect is justi-

7,8

fied on the basis of the long lifetimes °~ of the b' levels.

+
For the (23H, 252 ) 1interaction, Egn. (4) reduces to
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: 3. . S, 4y 2.
Ty 2n§lu(2 Mgsa 2, )]

. (5)

The summation over the components j of the Z+ state which interact with a
particular fine~structure level Q of the 3H state is based on the assump-
tion that only insignificant phase differences among the j components are
accumulated from the point of interaction to the dissociation limit. This is
expected to be valid for a I state because its fine-structure levels lie
close in energy. We have evaluated the matrix elements for the H(23H ;ESZ +

R h]
41 and Hund's

)
S+
using the I transformation matrix elements given by Kovacs

case (a) elements for spin-orbit coupling given by Freed:42

1 1 2

L
1 1] ] = -
<Jas' A' T'IH__1JeSAT> = (-D*(; ) | -7

A s (®

where A;4 is the intercombination analog of the spin-orbit parameter. The

resulting linewidths for the three substates of 23H are:

To = Ay (7a)
Iy = 3, (7b)
FZ « 6A10- (7¢)

On the other hand, the (unlikely) event where both states are described by

case (b) coupling reduces the ratio of expected linewidths among the three

components to only 0.67 : 0,77 : 1,




Neither case would be distinguishable {if AIO were so small (< 10_3cm_1)
that the expected linewidth variations fall below the limit of our experi-
mental resolution. We shouid therefore consider the possible magnitude of

+
this matrix element. The dominant electron configuration for the 352 state

15:11

* * *
cls2 a ls2 0232 o] Zs2 02p2 ch2 1t2p2 n 2p2 . (8)

The probable configurations of the 23H state were given by (2) and (3) in
Section IV D. Both of these configurations transform into (8) via single
electron excitations. This suggests approximating A;j by single electron

spin-orbit integrals. Thus

* *
Ag ™ <vix> <n 2plag lo 2p> (9)

if 23H is described by configuration (2), or

Alg ™~ <l <1t2p|a£+|02p> (10)

for configuration (3), where |v> and |y> are the vibrational and continuum

+
wavefunctions of the 23H and géz states, respectively. The one-electron

spin-orbit matrix element in (10) has been reported7 to be 76.6 cm l. The

value for the corresponding matrix element in (9) has not been measured, but

is likely to be the same order of magnitude. Consequently, at this level of

4 5

approximation, only a uniformly small (~ 107" = 10 °) vibrational overlap

between the 23H and E§Z+ states would lead to the observed linewidths.
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As can be seen in Fig. 8, the calculated potential energy curve for the
a state passes directly through the potential well of the 23H stacte.
While ‘this may certainly lead to the requisite small overlaps for specific
vibrational levels of the 23H, it is unreasonable to expect accidentally
small vibrational overlaps to account for the narrow linewidths observed in
each of the first nine vibrational levels of the 23H state.43 This could
indicate that the relative locations shown for these two curves in Fig. 8 are
not accurate. However, we also note that the (23H,_gsf+) crossing occurs in
the perturbed region of the 23H state. Since the perturbing 3H state
undoubtedly has a configuration different from either (2) or (3), the use of a
single configuration description for the 23H state 1is clearly inappropri-

+
52 ) interaction will therefore require

ate. Proper treatment of the (23H, a
explicit calculation of the complete spin-orbit matrix element taking full

account of the configuration mixing when improved theoretical potential curves

become available.




V  CONCLUSIONS

Twenty vibrational levels of a weakly bound not electronic state corre-
lating to N+(3P) + O(3P) are observed to predissociate to 0+(AS°) + N(ASO).
The l;vels are accessed by electronic transitions from three vibrational
levels in a lower energy electronic state of No* which are sufficiently long-
lived to be significantly populated 20 ps after their formation. The
energies of the predissocliated levels, together with the rotational and vibra-
tional structure in the transitions, are most consistent with assignment of
the upper and lower electronic states to 23H and _2'32-, respectively. The
predissociated vibrational levels in the 23H state are tentatively identi-
fied as v' = 0-19.

A number of perturbations are observed in the predissociation spectra.
The rotational population of the 3'32-(v"=9) levels appears to be selec~
tively depleted due to interaction with éln(v=3). Isolated rotational
structure which accompanies the 23H * 2}32_ bands suggests that perturbation
of E}A(v=5,6) by 23H(v=11,12) also occurs. The 23H state is believed to
be predissociated by the 352+ state, but the long predissociation lifetime
of > 1.6 ns has not allowed confirmation of this assignment. In addition,
the 23H state is found to be homogeneously perturbed. The perturbing state
is likely not the E?H state observed by photoelectron spectroscopy, but the

3H state arising from the 0+(AS°) + N(2D°) limit. On the other hand, the

location of the 23ﬂ state makes it the likely candidate for causing the
reported predissoclation of the £3H state.

Molecular constants are not given for the highly perturbed vibrational

3
structure of the 2711 state nor bhas rotational assignment of the spectra been

possible. However, this study has suggested a number of experimental investi-

gations which may lead to a unique description of the 23H state, Zeeman

L2

R




splitting of the rotational lines in the 23H «.3'32- transitions would

greatly assist in their assignment. Extension of the wavelength region
covered in the predissociation spectra to include transitions originating in
lower vibrational levels of‘the_g' state would also more precisely establish
the 23H state location. Isotope shifts in the vibrational structure would
confirm the vibrational numbering in the bands and identify those bands which
may arise from the perturbing 3H state. Finally, assignment of the other

band systems in the no* predissociation spectra may locate the perfurbing 3H

statae. These will be the subject of future investigations on No*.
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Table II. Lower State Vibrational Levels?

constants in Table I of Ref. 13.

b% . -
Gy Gyrsl

C -
Gy=41 = Gyr42

higher in energy by 0.916 eV.

. -1,b -1\c d J
State v 4G .(ca ) 4G .y (cm ) D,.(eV)
b 8 1089 + 13 1068 + 14 -1.338 £ 0.015 }
arls” 7 1069 6 1062 £ 6 -1.277 £ 0.010
w'a 5 1079 + 18 1056 + 20 -1.326 + 0.058
This Work v 1098 £ 3 1036 + 10 -1.323 ¥ 0:005

- 0.010
3Values for the b', A', and W states are calculated from the molecular

d!netgy of v" with respect to the O+(“S°) + N(AS°) separated atom limit. The
b', A', and W states actually correlate to the N+(3P) + 0(3P) limit, which is




Table III. Molecular Constants from the A'll(v=3), b'32-(v-9) Perturbation®

A'MI(v=3) 135 (v=9)?

r, = 77638.399 T, = 77806.8

B, = 1.50095 B = 1.15997

Bg = 1.50109 y = =0.141

D= 6.7931 x 1076 A = 1,01
Hy, = 4.649

8Units are cm 1.

bSee Ref. 38,




Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Potential energy curves for the experimentally observed electronic

states of No¥ given by Ref. 13, The accuracy of the individual

curves varies - see Ref, 13. Unobserved states are listed at
their expected separated atom limits. The potential curves for
the 21H and 23H states are the adiabatic curves calculated by

Ref. 10.

Low resolution (~ 1 A) wavelength dependence for the production
of o* photofragments with various center—-of-mass kinetic energies
(W). The Not ions were irradiated in the laser cavity; each

absorption appears as a Doppler doublet separated by ~ 5 A,

Moderate resolutfon (~ I cm-l), composite spectrum for the
production of ot photofragments. The center-of-mass kinetic
energy of the collected photofragments linearly increases with
photon energy from 0.68 eV at 15100 cm™! to 0.81 eV at 16150 cm™}
and from 0.67 eV at 16250 cm™! to 0.85 eV at 17670 cm™ ). The No*
ions were irradiated in the laser cavity; each absorption appears

as a Doppler doublet separated by ~ 14 cm-l.

High resolution (~ 0,003 cm-l) spectrum of a portion of the a,

band.




Figure 5.

Figure 6.

Figure 7.

Figure 8,

Moderate resolution (~ 1 cn-l). intracavity spectra of the vy
and 6 bands. The center-of-mass kinetic energies of the
collected ot photofragments increases linearly with photon energy
from 0.85 eV to 0.94 eV in the upper spectrum and from 0.8l eV to

0.92 eV in the lower spectrum.

Relative intensities of transitions to the predissociated vibra-
tional levels (v') of the upper electronic state from
2'32-(v“-8,9,10). The intensities (points) are connected by

arbitrary, smooth curves.

Vibrational spacing in the predissociated‘upper electronic state
as a function of (a) mean upper state vibrational quantum number
(v' 4-»@) and (b) upper state energy with respect to

0+(bS°) + N(45°). The energies of the nine fine-structure
combinations of N+(3P) + 0(39) are also shown in (b). The
squares, circles, open triangles, and closed triangles are the
spacings derived from the a, 8, Y, and & bands, respec-
tively. The dashed curves are least-squares fits of AGv, to a
linear functional dependence on (v' + 1/2) in (a) and a quadratic
functional dependence on W ry) in (b). The horizontal error bar

in (b) shows the absolute uncertainty in the energy scale.

Selected No* potential energy curves in the region of the lowest

energy separated atom limit.. The RKR potential curve of the

3'32 state and the estimated potential curve of the £3n state

are taken from Ref. 13. The 252+ potential energy curve is that

E-44




Figure 9.

Figure 10.

calculated in Ref. 1l. The 23H state i{s represented by the
schematic potential energy curve guggested by the predissociation
bands (see text). The vibrational levels observed in the

23H ¢_§'3X- transitions are indicated by horizontal lines.

Moderate resolution (~ 1 en-l). intracavity spectra of predis-
sociations in 23H(v'-3) when accessed by absorptions from v = 9
(upper spectrum) and v" = 8 (lower spectrum) of the 2'32-
state. Each absorption appears as a Doppler doublet separated by
~ 14.6 cn-l in the upper spectrum and ~ 13.8 <:|n-1 in the lower
spectrum. The Doppler doublets corresponding to the {solated

rotational features discussed in the text are indicated in each .

spect rum.

Effects of the Alﬂ(v-3),.9'3£-(v-9) perturbation as a function
of rotational quantum number. The upper figure (a) shows the
deviation of the term energies of e levels in éln(v-3) reported
by Ref, 6 from the energies expected in the absence of perturba-
tion by .3'32-(v-9,F-1,3). The center figure (b) gives the
expected radlative lifetimes of these levels as a result of the
perturbation and the lifetimes of the perturbing 2}32-(v-9)
levels. The bottom figure (c) shows the expected 400 K Boltzmann
population distribution in the rotational levels of the 2}38-
state produced by electron impact in the ion source (dashed curve)

and the population distribution in gfat-(v-9) upon arrival at

the laser 20 ua later (solid curve).
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APPEND

IX F

Photodissociation and photodetachment of molecular negative
ions. Vill. Nitrogen oxides and hydrates, 3500-8250 A

G. P. Smith, L. C. Lee, and P. C. Cosby

Moleculor Physics Laborasory, SRI Insernational. Moenio Perk. Califernia 94025

(Recsived 20 June 1979; scospaed 14 August 1979)

Total photodestruction cross sections for the ioms, NO;, NO; -H,0. NU, NOj-H,0, sad the peroxy

isomans, O;-NO aad O;'NO ‘H, O have been measured at wavelengths between 3500 and 8250, A, using A”,
Kr*,and dye lesers and s drift tube mass spectrometar. A threshold of ~2.5 ¢V was obesrved for the
photodetachment of thermalized NO; . Upper limits were set for the phosodestruction cross sections of

NO; -H,0, NO;j, and NO; H;O over this wavelength rangs.

The NO; isomer O;-NO and its

mwunp.hnupmmmuwmmsmk
Observations of collisional dissociation of cluster ions such as NO; -H;O by leser-eacited NO, in the

drift tube are also discussed.

I. INTRODUCTION

The ion NO; is a key constituent of the D region of
the earth’s ionosphere, ' due to its stability. Witha
bond energy® of nearly 4 eV, NO; will react with neutrals
only to form cluster ions such as NO3- H,O. Once
formed, these ions are ouly slowly removed by neutral-
ization with positive ions or by photodetachment, Ef-
forts to model the D region require knowledge of the
photodestruction processes for the important NO; ion
and its hydrates, and for the precursor NOj ion.

During the course of reaction rate measuremaents
relevant to D region ion chemistry, a second isomer
of NO; was discovered. ** Since this second form is
produced via switching reactions such as O + NO
=03 *NO +0,, the isomeric state is believed to have a
peroxide (OONO) rather than nitrate (NO,) structure.
Investigations®* into the reactions producing and de-
stroying U3+ NO have fixed this fon’s place in the D re-
gion reaction scheme which converts O; and CO; ions to
NO; ions, but photodestruction measurements are also
needed. In addition, comparison of the photophysics of
the two forms of NO;, and their hydrates, can provide
important structural information on the isomers. Final-
ly, different photophysical behavior of the two forms
allows their differentiation and should be useful in clari-
fying the chemistry of the production and subsequent
reactions of the ions.

In this paper we report total photodestruction cross
sections 3t wavelengths from 3500-8250 A for the ions
NOj, NO;, O;-NO, and their first hydrates. Photochem-
ical destruction of weakly bound cluster ions such as
NO; - HyO by laser-excited NO, was also observed in the
drift tube, and was briefly investigated.

1l. EXPERIMENTAL DETAILS

The apparatus is a drift tube-mass spectrometer
coupled with an ion or dye laser, and has been described
in detail previously.’ Negative ions formed by gas phase
electron attachment and subsequent ion-molecuie reac-
tions drift siowly through the ~0. 50 Torr gas mixture
under the influence of a weak applied electric field (E/N
=10 Td) toward an exit aperture. Before passiny, through
the aperture into the high vacuum quadrupole mass spec-
trometer region at the end of the drift tube, the ions inter-

4404 J. Chem. Phys. 71(11), 1 Dec. 1979

0021-9608/79/234474-07901.00

sect an intracavity laser beam, which is chopped at 100
Hz. By counting mass-specific ion intensities, laser on
and off, laser photodestruction rates for various ions
can be measured. The relative cross sections thus de-
termined are placed on an absolute scale by normaliza-
tion to the known’ O; photodetachment cross section
moasured in O,. The ratio of the relative laser powers
is measured for this determination. The ratio of ion
drift velocities through the laser beam is aiso needed,
and is calculated from the ion mobilities. Mobilities
used® in this work were 1.3 cm® V"' 5™ for Q; .NO, 1.25
for Of - NO -H,O in N;O, and 1.8 for NO; -H,0 in CG,,
all scaled from the measured mobilities of positive and
negative ions in CO,; and 2.5 cm® V*' 8! for NO; in O,
scaled from the measured mobility of O in O,.

A varisty of laser sources was used. Prism tuned Ar*
lager lines at 5145, 5017, 4965, 4880, 4765, 4658, and
4579 A, and Kr® laser lines at 5300, 5208, 4825, 4762,
4680, 4131, and 4087 were used, with the drift tube in-
teraction region within the laser cavity. The unseparated
Kr® laser ultraviolet output, consisting of 25% 3564 A
and 75%% 3507 A, was also used. Intracavity dye laser
measurements were made from 4200 to 4650 A using
stilbene 3 dye, pumped by the 4 W UV Ar’ laser output;
from 7150 to 7700 A using oxazine dye; and at 8350 A
using DEOTC dye pumped by the Kr* lager red lines.

IIl. NO3 AND NOF * H0

Photodestruction cross section measurements for NO;
are shown in Fig. 1. Photodetachment is responsible
for the photodestruction, since the photodissociation
threshold is above 4.0 ¢V.' The measurements wers
mads in 0.40 Torr O, with ~ 1% NO and a trace of NO,
presesnt, at /N =10 Td and a drift distance of 20 cm
from the ion source to the laser. The ions are formed
in the source region by the rapid charge transfer reac-
tions %10

0" +NOp= NO;+O0 , (1a)

O; +NO; = NO; + O, , (1b)
and by the three-body association reaction

O +NO +0y = NG; + O, , @

where b, ~1.2x10""° cm?/s. Extrapolation of the NO;
cross section measurements to wavelengths longer than

© 1970 American Institute of Physics
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4800 A indicates xa spproximate threshold of 2.5 eV, |

accord with the photodetachment value'® of 2,364 0. 10eV
for the NO, electrom affinity.

Other studies'™*® have reported larger croes sections
between 4000 and 5000 A than the current measurements.
As Huber et al.’ have demonstrated, these can be at-
tributed to vibrationally excited NO;. Since vibrationally
excited NO; is formed® i resction (1), drift tube condi-
tions were chosen to permit relaxstion of the nascent
NO; to 300 K prior to their arrival at the laser. Huber
o al.’ have measured an effective relamation rate of
8.5x10°" cm’/s in O,, for excited NO; which can be
photodissociated st 5400 A. Then for the drift tube con-
ditions stated above, only 3% of the nascent NOj ions
will remsin excited after drifting 2 czn from their point
of lormatica. Messusoments of ioa compenition a8 2
fanction of drift distance show that less than 7% of the
NO; ions arriving at the laser are formed within 2 cm
of the l1aser. Given the photodetachment crose section
for nascent, anreiaxed NO; of 0. 78x 10" cm® at 5400 A,*
the coatribution of excited NOj to the cross ssction mea-
suremeats preseaied ia Fig. 1 is thus estimated to be
lomn tham 1% 107 cm?,

At 4580 L, & constunt cress esstien was chesrved for
avilk distunsss betuven 10 and 3D om, lnlieaiing complete
relaxntien of any initially exclted ) lens o 2 300 KX in-
tarml sasegy disirhetion, Lasgar cruss ssotions ware
msessured at sherter érik disamsss. An asalyuis stadler
t» that of Bat. 0 gives an effsctive relazntiun rate ofn-
siunt of 3% 107" em’/s. This is siower thas the relass-
tioa rates cbeerved previcssly® st 3400 and 6300 A, be-
cause pix todetachment at the lcager vavelangths sam-
pias aaly the mere highly euxited virational lovels,
which ave more quickly depopuiated as the loss appronch
thermal equilibriam via collisions.

A small positive crose section of .3+ 0.9x% 10 o’
is observed at 5208 A (2.38 eV). Tius croes section is
larger than that calcuiated for the contribution from ex-

cited NO; ions. Given the curreat valve'! of 2.381+0. 10
oV for the electron affinity of NO,, this cbservation is
comnsistent with thresbold photodetachment of relaxed
NGE.

Warneck! has cbserved a similar threshold for NO;
photodetachment, but his cross section meagurement at
3500 A is only 30% of our value. The reason for this
discrepancy is unclear, particularly since his experi-
ments utilized a discharge source-beam apparatus and
should reflect a l_l'nor fraction of vibrationaily excited
ions.

Measurements oa NO; - H,O were made ia & mixture
of 0.1%-2.0% NO in 0.4 Torr CO,, with traces of im-
purity NO, and added H,0O. Under these conditions no
O; contaminates mass 64. Nevertheless, D,O was also
used to produce NO; - D,O for some experiments, to
verify the absence of O;. The amount of NO, present
is sufficiently low to prevent significant collisional dis-
sociation by excited NO, (see Sec. VI). The NO; . B0
m-.mcmwlmm;bymuuMMym-
tion

NG; + HyO + COg = NG; . B,O +CO,, b ~1.8x 10" cn'/s.
@)

The measured NO; - H,O photodestruction cross sec-
tions are given in Table I and Fig. 1. A threshold near
4131 A is evident,and the cross section is nearly one-
half that of the parent NO; at 3500 A. The products of
the NO; - H,O photodestruction could not be experimen-
tally established because of the presence of a large ex-
cess of NO; ions in the drift tube. R is likely, however,
that dissociative photodetachment is the obeerved pro-
cess. This wounid be consistent with the obeerved bive-
shift in the hydrate threshold with respect to that of NO;.
One might expect the same electronic transition to be
respongible for the photon absorption in each species,
but the hydrate requires additionsl energy to break the

bemd. Givenm the eivetrom affinity’! of NO, of
2.38 oV and the NO; - H,0O bond energy'* of 0.82 eV, the
thermodymamic threshold for dissociative photodetach-
ment of the hydrate is 2,98 eV, a value essentially iden-
tical to the ocbserved photodestruction threshold.

IV. NO3 AND NO3 - O

The greund sints (uitrate) isomer of NO; was created
ha.“dan-mno.nmwhm-
o

OO+ N0y~ NG +C0,, & =2.0%10"* em'/s, @)
md, to 3 siner degres,

W05+ W0, ~ N5 +NO, By =4.0x 107 cm®/s . ®)
Reaction (4) is exothermic by 2.820. 3 eV, as calculated
from the diasocistion esargias of 105 (1.8 oV)™ and NOS
(sse maxt pasugraph), sad the NO, aod O elecrum affini-
tias. %11 Only the grousd state NO; isomer should be
formed. Since the excited isomer is kmowa to react

quickly with CO, via reaction (- 4), its production via 4)
must be sadothermic and slow.

Table | gives upper limits on the NOj photodestruction
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TABLE I. Photodestruction cross section uppsr limits (10°'* cm?).

————

gy a(h)  NO NG; * HO -Nq NOY

‘HyO ;N0 5 -NO-H,0

1 503 8330 <0.087 <0.072
1.483 7800 <0, 041 <0.038
1.74¢ T100 <0,084

2.338 5309 <0.029 <0.014 <0.011 <0.10

2.381 5308 0.02340.009 <0, 038 <0.084 <0.10

2.569 4025 <0. 048 <0.078 «<0.22

2.603 4762 <0.098 <0.092 <0.12

2.649 4680 <0.07m <0.108 <0.18

2.708 48579 <0.045

3.001 4131 0.1640.03 <0.074 <0.10

:;;: :::; 1.2340.16 0.10+0.03 0.4140.08

croas sections from 4131 to 5309 A. These values rep-
resent one standard deviation of statistical uncertainty,
and all measurements were consistent with sero cross
sections in this region. However, a small positive croes
section was measured at the Kr* laser UV lines (3.5 eV).
This energy is at or near the thermodynamic threshold
for sither photodetachment or photodissociation. The
NO; photodetachment threshold, from the electron
affinity® of NO,, is 3.920.2 ¢V, Given an NO, dissocia-
tion energy®® of 2.1540.2 ¢V and an NO, electron affinity*!
of 2,36 eV, the photodissociation threshold for NOj
«NO3+0 is 3.720.4 ¢V. Although the thermodymamic
threshold for the photodissociation channel NOj - Oy + NO
is only 3.6 eV, an energy barrier may be expected for
the rearrangement from the NOj nitrate structure. An
alternate explanation to NO; photodissociation at 3500 A
is 2180 possible. The isomer O; - NO has a large cross
section at 3500 A of 7%10°% cm® (see Sec. V). The pres-
ence of only 1, 5% peroxy form at mass 62, produced by
reactions other than (4), could account for the obesrved
cross section. A similar effect should have been observed
at 4131 A, but the error limit set there is higher, and
the {raction of excited isomer may easily vary for dif-
ferent drift tube experiments. Future experiments at
shorter wavelengths using excimer lasers should resolve
this question.

The hydrate of ground state NO; was formed in the
same mixture with added traces of H,O via the three-
body reaction™

NO; +H,0 + COy = NOj - B0 +COy, £,~7.5x 10" em®/s.
(®)
For a 2% NO, {raction, collisional dissoeiation of NO;
+ H;O by laser excited NO, should not atfect the measure-
ments (see Sec. VI). The observations given in Table I
are consistent with a cross section below 1.0x 10! ¢m?
and probably zero, at wavelengths longer than 4100 A.
A positive cross section larger than that of the parent
NO; was measured at ~3500 A, The observed photode-
struction cannot be attributed to the presence of the hy-
drate of the peroxy form, Of - NO. H,0. A sizeabie ex-

4. Cham. Phys,, Vol. 71, No.
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cited isomer fraction of 12% would be required for this
explanation, and would produce a larger cross section
than is obeerved at 4131 A, This case may be.similar
to CO; and its hydrate, '* in that an electronic transition
centered on the parent ion can result in photodissociation
of the hydrate at energies below the thermodymamic
threshold for the parent. Photodissociation of NOj - H,0
wnq.;nmouMMmmmuy likely process
at 3500 A.

V. 03-NO, 03-NO-HO AND O - MO
A second form of NOj can be produced by reaction of
NO with O], CO;, or Of - H,O via the exchange reactions®*

0;: X+ NO=0O;: NO+X, X=0y, CO;, H,O, )

with A,20.5-3,0x10"" cm®/s. This isomeric form is
distinguishable from NO; in that it reacts®* with NO and
CO, by donating an O to form NO; and CO;. These reac-
tions are endothermic by 0.5 and 2.7 eV, respectively,
for ground state NOj. The formation reactions (7), and
the lack of conversion by collisions to form ground stats
NO;, suggest an oxygen-oxygen bond for the excited
isomer, with the negative charge residing on the more
electronegative O, portion of the molecule.

Since the reverse of reaction (4) occurs® for Of - NO,
it is at least 2, 7 ¢V more ensrgetic than NO;, and has
these thermodymamic thresholds for various photopro-
cesses:

Oi- NO+hy=NO;+O als1.0eV
~0" +NO 1.0 ev
- 03 +NO 0.9 oV ®)
= OONO +¢” 1.0eV
«0y,+NO+¢e” 1.3V

These values are based on & dissociation energy of 3.7
oV for normal NO;, the known electron affinities™!! of
O, Oy, and NO,, aiid an estin ate’” of 0.3 eV for the 0OO-
NO bond energy. Given these Low energy photodestruc-
tion channels, photodissociation or photodetachment of

11, 1 December 1979
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03 + NO should be observed at visible wavelengths. We
attempted to produce O3 - NO in the drift tube from other
Of cluster ions. Unfortunately, these cluster ions could
not be made in large quantities, and the amount of NO
required for efficient switching reactions to form Of - NO
also produced large amounts of NO; and normal NOj.

In cur search for NO,-free sources of nitrogen oxide
ions, we examined negative ions in ~0.5 Torr N,O with
a trace of O in the drift tube, although previous work!®
indicated no NOj would be formed. However, the major
ions we observed were O, O;: N,O, NO;, and NO;. The
03 - N;O is formed by the reaction’

0; +2N0=0; - NO+N,O, ky=5x10" cm®/s, (9)

and has a slowly increasing photodestruction cross sec-
tion of 0.8-1.0x10™'* cm® from 6400 to 5800 A. The

NO; produced in N,O is observed to photodissociats into
O; and NO at wavelengths shorter than 6000 A, and there-
fore is probably the peroxy form O; - NO.

The amount of O3 - NO in the drift tube appears to build
up with time and then stabilize after ~ 15 min, indicating
it may be formed by reactions of the other ions with im-
purities. A reaction Of. NyO + NO—0Og - NO + N;O is one
possibility, but in the excess of N;O equilibria should
favor O - N;O, which is contrary to observations.

The photodestruction cross section measurements for
05 - NO are shown in Fig. 2. The data were taken at
10 Td in 0.4 Torr N,O and a drift distance of 20 cm, and
show a gradually increasing cross section with little de-
tailed structure. Sizeable O photofragment signals were
observed at 5300 and 4400 4, indicating photodissociation
to O; and NO is the major process throughout this wave-
length range, and suggesting that a single electronic tran-
sition may be responsible. This is further strong evi-
dence for the peroxy structure of this isomer. The large
cross section also suggests using photodissociation as a

detection methad in differentiating the chemistry of
O} - NO and NOS.

There is some discrepancy between ion and dye laser
measurements near 5200 A and batween Ar’ and Kr° laser
measurements near 4750 A. Given the uncertainty con-
cerning the production mechanism, we believe these dif-
ferences are attributable to different fractions of Oz - NO
and NO; at mass 62 in the drift tube. Since we cannot
be certain that all the NOj is the peroxy form, the mea-
sured cross sections should be considered lower limits
to the true values. Nevertheless, the measurements
are generally repeatable, and we believe the cross sec-
tion magnitudes are accurats. The probable absence of
large amounts of normal NO; is supported by the high
cross section values observed near 4100 and 3500 A and
by the lack of 2 position (5-30 cm) or pressure (0.40-
1.00 Torr) dependence at 5300-5400 A. In addition,
measurements in mixtures up to 50% O, gave identical
results. In mixtures free of NO, NO,, and CO,, and to
a degree in the ionosphere, O NO appears to be a stable
fon. The relevant destruction and interconversion reac-
tions are

0; - NO+NO~-NO;+NO; , Qa0

NO; + NO, = NO; + NO , ay
m .

0; - NO +CO, = CO; + NO, (12)

with rate constants™® of k,,=1.5x10""" and k,, =4.0x 107"
cm¥/s,

By adding trace amounts of water, the hydrate ion
O3 - NO - H,O can be produced by the reaction

O; - NO+H;0+N0O=0;- NO- Hy0+N,O . 13)

The photodestruction cross section of this ion, shown in
Fig. 3, is different from that of NOj - H,O and indicates
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that the peroxy structure is preserved upon k iration.
The cross section ha'i a shape similar to that of the
parent O; - NO, but is smaller in magnitude. Thua  tme
electrostatic bonding of H,0 to the parent anion de'ni not
significantly alter its peroxy identity, Similar bshavior
has been observed for the O ion and its first two hy-
drates. ™ Largsy amounts of 05 - NO wers detectsd a3 8
prineipal product of Of - NO - H,O photodestruction.

An attempt was made to produce O; - NO by direct
three-body association in a mixture of 5% NO in O, in
0.50 Torr, The NOicron section measured at 5300 A
was less than 3x 10™% cm?, indicating that only ground
state NO, was present. However, upon adding D,O,

NOj; - D;O ions were produced which were photodestroyed
at the same rate as O; - NO* H,O ions formed in N,O.
This suggests that the peroxy isomer of O; - NO is initial-
ly formed, and that hydration competes effectively with
conversion to normal NO; by reactions (10) and (11),

The O * NO isomer apparently is more easily hydrated
than NOj, and O; - NO - B,0 is apparently not readily con-
verted to NO; - HO or otherwise consumed by reactions
with aitrogen oxides. This is in agreement with the ab-
servation of Ref. 4 that hydration of O; tnhibits the con-
version, in CQy, of OF into CO; ions. These observa-
tions suggest the impormnce of considering the chemistry
and photochemistry of the peroxy ion and hydrate in
modeling the ionosphere, particularly since the peroxy
ion appears sasily hydrated with reteation of its struc-
tural identity.

In 1.0 Taer NyO, ioms of mass 60 were aleo observed.
The ioa N,O, has been ~eported in earlier studies'® of
ssgative lons ia N,O, but photodestruction cross section
measurements made between 5300 and 3850 A repro-
duced the structure previcusly cbserved! for CO;. The
magnitude of the mass 00 cross section was 30% of the
CO; value, This suggests that the cbserved photodestruc-
tioa is due to CO; formed from CO, impurity, and that

some N,O; is present, but has only a small photodestruc-
tion cross section (s 10°'® cm?) in this wavelength region.

Vi. COLLISIONAL DISSOCIATION BY EXCITED NO,

During the course of these experiments, a highly struc-
tured apparent photodestruction cross section was ob-
mrved for NO; - D,O between 5800 and 8300 A, which
varied with NO, partial pressure. Measurements for 5%
NG, in 0.5 Torr Ar are shown in Fig. 4. As the solid
line indicates, the structure closely resembles that of
the NO, absorption spectrum, ®® and suggests that the ob-
served NO; - DO photodestruction is caused by collisions
with electronically or vibrationally excited NO,. Thus
the measurements reported in Table I were made using
NO/CO, mixtures, and resulted in zero cross sections.

Similar, but much smaller effects were observed at
5800 A for the ions NO; - NO,, NO; . D,0, and NO; - NO,.
The cross sections relative to that of NOj - DO were
0.014, 0.087, and 0,028, respectively. We believe the
much higher rate for collisional dissociation of NO; - D,O
is not caused by any great disparity in the bond energies
of these cluster ions, but is due to enhancement by reso-
nant charge transfer. Sincethe charge is shared equally
between NO, molecules in NO§ : NO,, oanly NO; - DO has
AD extra eiectron centered on NO,. An approaching NO,
molecule will share this charge. The D,O will be attract-
od to both NO; molecules, and should the system have
sufficient (~0.5 eV) vibraticnal energy, the DO will not
remain bound to it.

The cbserved NO; - D,O photodestruetion is too large
to be attributed to electronically excited NOI. Given an
NO, absorption cross section’™® (Q) of ~3x10°® cm? at
8800 A and an intracavity laser power of 80 W (p = 2x 10**
photons/s) over the 0.04 cm® cross sectional area of the
laser beam, the excitation rate (Qp/A) is 150 molecule/s.
The quenching rate constant’™*® of ~ 10" cm?/s gives a
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FIG. 4. Relstive apparent photodestruction cross tion for

NO; ‘D,0 measured at 10 Td in 5% NO, in Ar at 0.50 Torr. A
relative apparent cross section of 1.0 corresponds to the same
destruction rate as would be observed for a true photodestruc-
tion cross section of 107'* cm?. The soild line is the relative
NO, absorption spectrum from Ref. 20.

quenching rate in 0.025 Torr NO, partial pressure (to
vibrationally hot ground state NOf) of 93 10%/s. [Fluo-
rescence® (~2x10'/s) and diffusion® (~10*/s) are slower
loss processes, and the Ar buffer gas is a much less ef-
ficient quencher than NO,.] At most only 4 =0.002 of
the NOy or 1, 5x 10" cm™ will be electronically excited.
For the observed 18% destruction (I - I,//,) and a laser
beam width {=0.2 cm, the expression

In(ly/1) =[NOS ) lo (14)
gives a cross section of 6800 A? for collisiomal dissocia~
tioa of NO;- DO by NO}. This represents interaction at
45 A, and is unrealistically large.

It thus seems more likely that vibrationally excited
Nt is responsible for the observed dissociation. We
can modify the above treatment for vibrationally excited

Not, but the quenching rate can only be roughly estimated.

Several cnilisions will be required to deactivate the hot
NO{ (2.3 V) to energies below the dissociation enargy
of NOy- HyO (~0.5 V). Unfortunately, this energy
range lies between the values for which experimental
data are available. We will thus approach the problem
by estimating the effective vibrational quenching rate
from two limits.

Some quenching rate constants have been measured
for low-lying levels. A typical V- T quenching rate
constant™ for O} in Ar is ~ 10 cm®/s. In these experi-
ments, 0.09 eV of energy was remgved, but NOJ deac-
tivation requires the removal of ~1.6 eV. Thus seven-
teen relaxing collisions will be required, and the effec-~
tive quenching rate constant is 6x10*'¢ cm?/s, Of course,
at higher vibrational energies, the density of states is
high enough to permit more efficient collisions, which
remove smaller amounts of energy. Thus the above rate
is a lower limit,

Lower pressure recombination (three-body associa-
tion) rate constants can provide some information on
energy transfer at high energies (near molecular dis-
sociation limits). Typical results® for small molecules
in Ar show ~0.035 eV vibrational energy is removed in
each hard sphere collision. Thus 46 collisions at the
rate of ~ 107° cm®/s are required to deactivate NO|, or
k~2x10""* em?/s. This is an upper limit since our NOY
is less excited, A wide range of rate constants is ob-
viously possible, but for this calculation a value of
5x 107!* cm®/s was chosen, with an order of magnitude
uncertainty likely.

Following the method of the electronic quenching cal-
culation, at 0.5 Torr Ar this rate constant gives a deac-
tivation rate of 875/s. For a 150/s excitation rate,

4§ or 1.5x10% cm™ NO] is excited at steady state.
Then Eq. (14) gives a collisional dissociation cross sec-
tion of 66 A®, This is a reasonable value for a process
which is enhanced by the resonant exchange of an elec-
tron between the two NO, groups, but is only accurate to
an order of magnitude. Given the uncertainty in the vi-
brational deactivation rate, the vibrational mechanism
for collisional dissociation, while more likely, is not
certain,

Finally, we note a previous example of visible laser
induced NO, reactions, ** where the slow reaction NO}
+CO~NO+CO, was attributed to electronically excited
NOJ.
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APPENDIX 6

Photodissociation and photodetachment of molecular negative
ions. Vii. lons formed in CO,/0,/H,0 mixtures,
3500-5300 A

G. P. Smith, L. C. Lee, and J. T. Moseley

*  Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
’ (Received 11 June 1979; accepted 2 August 1979)

Photodestruction cross sections have been measured for CO;, CO; -H,0, CO;, CO7-H,0, HCOy, :

and HOO;7 H,0 at various ion laser and dye laser wavelengths between 5300 and 3500 A using & drift }

tube mass spectrometer as the source of the ions. OO; shows a structureiess peak centered shout 4300 A,

which is attributed to photodissociation. The possible excitation of CO; in these studies was investigated

in dewil and no evidence was found for any excitation. Additional evidence is presented which indicates

' that the bond energy D(CO,-0") is less than or equal to 1.9 eV. The CO;-H,0 cross section decreases ‘
| smoothly with decreasing wavelength over this wavelength range. CO; photodestruction was observed at 4
? 3500 A, but the other ions listed above have croms sections beiow [0~'° cm’ and possibly zero,
i

|

il

throughout this spectral region.

. INTRODUCTION

The photodissociation and photodetachment of negative
ions are important ionospheric processes, affecting both

R
taining a quadrupole mass spectrometer which seiects | %
the ion to be studied. A two-channel counter accumu- E
lates the data, laser on (I) and off (I,). i

1

!

iou composition and the electron density. Thus, cross
section measurements for these processes are needed
to understand the D region ion chemistry.! Previous
work®* has examined photodestruction processes of
atmospheric negative ions at wavelengths between 4579
and 8400 A. We have recently extended these measure-
ments to 3500 A, and report here the photodestruction
croas sections for the following carbon-containing ions
trom 3500 to 5300 A: CO;, CO;- B0, CO;, CO; - KO,
HCOj, and HCOj« HyO. Results for oxygen and nitrogen
containing atmospheric negative ions (Q;, NOj, O;*H,0,
etc.) at these wavelengths will be reported elsewhere,*’

These measurements also provide information on the
electronic structure of the negative ions. Previous work
has measured and interpreted the structure in the CO;
photodissociation cross section.® We have now examined
the CO; photodestruction cross section at higher photon
energies, where photodetachment is also reported to
occur.” Possible excitation of the CO; was investigated,
and it is concluded that the COj in this and previous
studies in this laboratory is either thermally relaxed or
has an unusually stable excited state. The implications
of these experiments on the CO; and O; thermochemistry
are discussed.

~ . EXPERIMENTAL TECHNIQUE

The basic apparatus consists of a drift tube mass
spectrometsr and an ion or tunable dye laser, and has
been described in detail previously. ** Briefly, the
negative ions are formed by electron attachment in the
source region, and by subsequent ion-molecule reac-
tions. They drift to the end of the tube under the in-
fluence of a weak electric field, at a fraction of their
thermal velocity. Approximately 0.2 ¢m in front of the
exit aperture in the end plate of the drift tube, the fons
ifitersect the cavity of a chopped tu able dye laser or
prism-tuned Ar or Kr ion laser. The ions then pass
through the exit aperture into a high vacuum region con-
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The present measurements were all made with an
intracavity laser beam intersecting the ion swarm. A
prism was used to select the 4579, 4658, 4765, 4880,
4965, 5017, and 5143 A Ar laser lines and the 4087,
4131, 4680, 4762, 4825, 5208, 5309 A Kr laser lines.
Ultraviolet measurements were made with a Kr laser
uging only UV mirrors. The intracavity beam was mea-
sured to be 25% 3564 A and 75% 3507 A by focusing the
reflection off a Brewster window into a monochromator.

Dye laser measurements from 4250 to 4800 A were
made using the dye Stilbene 420 (Exciton Chemical Co. ),
pumped by the 4 W UV output of an Ar laser. Measure-
ments directed toward the study of excited CO; were
made at 6550 A, using the dye Rhodamine 640 pumped
by an Ar laser.

All cross sections were measured relative to the O
photodetachment cross section, and normalized to our
previously reported values.>*® The cross section for
an ion A" is given by

o o 10UY/Dy- Poy Ky
o0 oog ) I Ll m

where P is the measured laser output power and X is
the reduced ion mobility. Values®* uged for K are
2.51 cm*/V sec for CO; in O, 2.4 for CO; and 2.3 for
CO;*H40 in Oy, and 1. 34 for HCO; and 1. 8 for HCO;
*Hg0 in COy.

Meagurements were made at 0. 4 torr pressure, with
a ratio of the drift ield to the gas number density
(E/N) of 10 Td (1 Td=10"'" Vcm?), where the ion drift
velocity is approximately one te.th its thermal velocity,
and a drift distance of 20 cm. The CQ; ions were pro-
duced in various mixtures of 0.01% to 19% CO, in O,.
The CO; ions were made using 2% CO, in G, and HCO;
was made using 4% CH, in CO,. These conditions insure
that O° photofragment recombination with CQO, to form
CO; is negligible.! Hydrates were formed by adding a
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FIG. 1. COj photodestruction cross section. New data given
by A. Old data from Ref. 8. The value at 3.4 eV (3500 4),
not shown, is 0.07+0.02x10°" cm?.

trace of HyO. Sufficient mass spectrometer resolution
was maintained to prevent contamination of the COj - H,0
signal by HCO;3 - HyO.

. CO; PHOTODESTRUCTION FROM 3500 TO 5300 A

Detailed dye laser measurements of the structured
COj cross section have previously been made between
5200 and 6900 A, and the spectrum has been analyzed.*
Argon laser wavelength measurements were also made.*
We have repeated these Ar laser measurements, deter-
mined the cross sections at the Kr laser wavelengths
between 3500 and 5309 A, and made dye laser measure-
ments of the cross section for the 4250 to 4600 A re-
gion. The results are shown in Fig. 1. The Ar laser
data disagree slightly beyond statistical uncertainties
with the previous results at 4765, 4880, 5145 A. The
slight disagreement between ion and dye laser results
may be attributable in part to the much narrower band-
width of the ion laser. The current measurements also
agree well with the Ar laser measurements made by
Beyer and Vanderhoff, *! using a similar apparatus. The
previous Ar laser measurements were made in CO,,
while the current measurements were made in O, with
only trace amounts of CO, present.

The new results are consistent with a lack of sharp
detailed structure below 5000 A, but do show a broad
peak in the cross section near 4550 A. No obvious re-
fationship is apparent between this peak and the struc-
ture at longer wavelength, suggesting the existence of a
dissociative transition to a repulsive electronic state.
Increased O photofragment detection between 4765 and
4579 A, observed previously,? supports the conclusion
that the photodissociation in this wavelength range is due
to a different traasition than that at longer wavelength,
The 4000 to 5000 A me. surements are consistent with
the photodissociation cross sections measured by Vestal
and Mauclaire'? using a tandem mass spectrometer ion
beam technique.

Hong, Woo, and Helmy® report values for the CO;
photodetachment cross section, determined by mea-
suring photoelectron curreats from CO; relative to O”
using a drift tube and various cutoff filters. They infer
a very sharp peak in the photodetachment cross section
near 4500 A, with a magnitude of ~1x 10" cm?, and 2
second broader peak from 2900 to 3900 A. The total
photodestruction cross section at 3500 A reported here
is only about 25% of their photodetachment cross sec-
tion alone. In the 4500 A region, the good agreement
between our total photodestruction cross section and the
photodissociation measurements of Ref. 12 are not con-
sistent with significant photodetachment here.

To investigate this problem further, the total O°
photofragment current from COj was measured between
4300 and 4880 A. The ratios of O" photofragment appear-
ance to COj; photoloss are given in Table I. No signifi-
cant change in this ratio is detectable between 4300 and
4579 A, where the ratio is essentially 1. No evidence
is seen for a sharp photodetachment threshold at 4500 A
or rapidly declining photodetachment cross section at
4300 A.® The nearly constant O" photoproduction ratio
throughout this region indicates that no new photode-
struction process, such as photodetachment, occurs on
a scale comparable to photodissociation to O™ + CO,.

The decrease in O" photofragments between 4579 and
4880 A is consistent with existing observations and in-
terpretations®® that the photodissociation at wavelengths
between 5145 and 4880 A (2. 41 to 2.53 eV) is due pri-
marily to the 22B,~ 12B, transition, which is parallel,
while at wavelengths shorter than 4880 A, the perpen-
dicular 1%A,- 1B, transition dominates. The structured
cross section at wavelengths longer than 5145 A has

been assigned to a third transition 134, - 138,,

We conclude that the CO; studied here photodissociates,
but does not significantly photodetach for wavelengths
longer than 4300 A, If it is assumed that O" and CO;
are detected with equal efficiency, the data are consis-
tent with 100% photodissociation. From the uncertain-
ties in the relative Q" observed, the upper limits shown
in Table [ can be placed on the photodetachment cross
section. Evidence presented below strongly indicates
that the COj studied here is in its ground electronic
state, and is essentially thermalized to 300 °K.

TABLE 1. Fraction of O photofragment observed from
the photodestruction of COj.

Wavelength  Relative O°  Maximum photodetachment
(A obgerveds a(10”'* em?
4300 0.90+0.34 0.24
4400 0.79+0,27 0.35
4500 V.86l 9 0.30
4550 0.99¢0.10 425
4579 0.37¢0.09 0.25
4600 0.70¢0.23 0.58
4765 0.68+0 04 (L)
4880 0.59¢0.04 0.29

AThis 1s the amount of O° photofragment observed divided
by the observed photodestruction of COj.
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V. THERMODYNAMICS AND EXCITED STATES OF
CO, .

The pacture of CO; that results from this and our pre-
v ous work®® i1s consistent and reasonable. These con-
clusions are, 1n summary, as follows: (i) The ground
state 1*B, has 2 bond dissociation energy of 1.8: 0.1
eV; (ii) the first observed excited state is 124,, which
has its origin 1. 520 eV above the ground vibrational
level of the ground state, has three stretching vibra-
tional modes with energies of 880, 990,and 1470 cm™,
and is predissociated above 1.8 eV; (iii) the second ob-
served excited state is 2?B, and leads to direct disso-
ciation between 2.41 eV (5145 A) and 2,53 eV (4880 A);
(iv) the third observed excited state 124, is mainly re-
sponsible for dissociation above 2.53 eV; and (v) the
electron affinity of CO, is 2.9+ 0.3 eV. However, our
conclusion that the 1.8 eV dissociation energy refers to
the ground state has been called into question by resuits
from other laboratories.

The measurements made by Vestal and Mauclaire™®

" on the photodissociation of CO;, while they agree quite
well with the measurements presented here between
4000 and 5000 A, show significant differeaces at longer
wavelengths. Near 6000 A, their measurements de-
pended strongly on the ion source pressure. The cross
section magnitude increased with decreasing source
pressure, and agreed with the drift tube results only at
low pressure. This pr~essure dependence was attributed
to an excited state of CO;, which is slowly relaxed by
collisions with CO,;. It was determined that a relaxa-
tion rate of 5x10™* em®/sec would explain their results,

Wu and Tiernan'! have studied the collisional dissocia-
tion of COy by measuring the translational energy
threshold for the dissociation. They observed that when
CO; was formed from the reaction'*

0;+COy~CO;+0y , (2)
it exhibited a collisional dissociation threshold of 2.5
eV, while a fraction of the CO; formed from the reac-
tion

O +COz + M= CO;+ M (3)

exhibited a threshold at 1.8 eV, with a second thresh-
old at 2.5 eV. This lower energy threshold was inter-
preted as being indicative of an excited state of CQj,
which is not effectively collisionally deactivated, even
at relatively high source pressures., It was thus sug-
gested that the photodissociation threshold observed
near 1.8 eV refers to this excited state.

Dotan ef al.'* have pointed out that there is a signif-
icant discrepancy in the reported dissociation energies
and electron affinities of O;, O,, CO;, and COy. They
determined that D(C0,~0") ~ D(0;~0") = 0.58 eV. The
Oj dissociation energy can be determined from the re-
cently measured O, electron affinity'® of 2. 1028 2 0.0025
eV, These two numbers are related by

E. A. (0y) 2D(0,;~0") +E. A. (0) - D(0,~-0) , 4)

where the oxygen atom electron affinity’’ is 1. 462
+0.003 eV and the ozone dissociation energy'® is 1.05
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+0.02 eV. This results in D{0;~0")=1.69 eV, and
thus implies D(CO,;-07) = 2,27 eV.

A value near 2.5 eV for the bond energy of CO;
would be consistent with the observations from these
three laboratories. %1% We therefore investigated
the photodissociation of COs in the region of 1.9 eV in
more detail.

First, in the drift tube apparatus, it is possible to
form COj either primarily by Reaction (2), or pri-
marily by Reaction (3). Measurement of the photodis-
sociation cross section near 1.9 eV as a function of the
formation mechanism will then test for the presence of
excited COj if it is formed, as reported, from Reaction
{(3), and if it survives de-excitation to cross the laser
cavity. The ion production mechanisms can be accu-
rately modeled since the reaction rates and mobilities
involved are reasonably well known. The rate for Reac-
tion (2) is 5.5x%1072° cm*/sec, * and for Reaction (3) is
1x10%" cm®/sec ® when CO;, is the third body and
3.1x10°% cm®/gec!* when O, is the third body. The
third needed reaction, the formation of O;, i.e.,

D' +04+M~-03;+M, (5)

has a rate of 1x10°% ¢cm®/sec®® when Oy is the third
body. The drift velocities for O°, O;, and COj in O,
are'® 0.860, 0.691, and 0.677x10* cm/sec, respective-
ly, at the E/N of 10 Td used here.

Figure 2 shows the results of integrating the rate
equations (2), (3), and (5) to predict ion intensities, as
compared with experimental measurements., The ef-
fect of diffusion was removed from the measurements
by comparison with CI°, an ion formed on the filament
which does not react with O, or CO,. Figure 2(a) shows
the relative ion intensity and the model calculation for
0.003% CO, in O,, Fig. 2(b) for 0.1% CO, in Oy, and
Fig. 2(c) for 1.0% CO, in O;. The difference between
these situations is clear. In Fig. 2(a), CO; is being
produced primarily from Oj [Reaction (2)], while in Fig.
2(c) most of it is being produced primarily from O°
[Reaction (3)). The model predicts that, for a drift dis-
tance of 30 cm, 96% of the COj is produced by Reaction
(2) for 0.003% CO, in O,, 62% for 0.1%, and only 15%
for 1%. The model consistently ac:ounts for the ob-
served chemistry for CO, percentages ranging from
0.001% to 100%, and predicts that over this range the
percentage of COj produced by Reaction (2) varies from
zero to 98%.
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TABLE lI. COj photodissoctiation cross sec-
tion at 6550 A, 10 Td, 0.4 torr, 30.5 cm.

[y

Mixture % Reaction (2)

%CO, in O,  production (10! em?)
0.0014 98 3.76¢0.60
0.003 96 4.08+¢0.80
0.008 90. 4.16+¢0.48
0.1 62 4.28:0.40
1 15 3.20+0.32
2 8 4,36¢0.52

100* 0 4.0£0.30

28ee Ref. 8, 0.05 torr.

Since the reaction rates are not precisely known,
these percentages are subject to some uncertainty.
However, the conclusion that CO; can be produced pri-
marily by Reaction (2), or by Reaction (3), is inescap-
able. For example, to model the data of Fig. 2(a) under
the assumption that the CO; was produced primarily by
Reaction (3) would require increasing the rate of this
reaction by an order of magnitude while decreasing the
rate for Reaction (2) by a similar amount. The uncer-
tainties in these reaction rates are no more than a
factor of 2, and further, the data at higher CO, concen-
trations could not be fit using such rates.

It is therefore clear that the production mechanism
for COj can be varied from primarily Reaction (2) to
primarily Reaction (3), If either of these reactions pro-
duces a substantial amount of excited CO;, and if the
excitation survives to reach the interaction region, then
the photodissociation cross section near 1.9 eV should
reflect this excitation. Table II lists the COjy photodis-
sociation cross section at 6550 A (1.89 eV), measured
at 10 Td, 0.40 torr total pressure, and 30.5 cm drift
distance, for various percentages of CQ, in oxygen.
Also listed is the percentage of COj; produced by Reac-
tion (2), as predicted by the kinetic model. This wave-
length corresponds to the lowest photon energy where
there is a large peak in the photodissociation cross sec-
tion.

Although these experiments clearly span the range of
CO, partial pressures over which the CO;y production
mechanism changes, no significant variation of the
cross section is observed. Thus, we conclude that the
COj studied here, and consequeatly in previous re-
search in this laboratory, has a dissociation energy
D(CO,-07)= 1.9 eV. If, as suggested by Wu and Tier-
nan, '* Reaction (3) produces some excited COj;, this ex-
citation is apparently substantially relaxed by the time
the ions encounter the laser photons. The question of
whether or not both reactions produce equally excited
CO;, which is subsequently not easily relaxed, ‘s un-
resolved. However, this seems unlikely due to the very
different exothermicities of the two reactions.

As a further test for possible excitation common to
both Reactions (2) and (3), the COj; photodissociation
cross section was measured at 6550 A (1.89 eV) as a
function of drift distance, both in pure CO; and in O,
with 1% CO,. In both cases, the primary formation

mechanism for COj is Reaction (3).

The results for 0.2 torr pure CO, are shown in Fig.
3(a). At this pressure, virtually all O" is converted to
COj; within 2 cm of the ion source. The error bars
represent one standard deviation statistical uncertainty

"m the count rate. The solid line gives the most rapidly

decreasing cross section consistent with these error
limitg, and yields a maximum de-excitation rate con-
stant of 1x10°¥ cm?/sec. The data are certainly con-
gistent with a constant cross section, i.e., no de-ex-
citation. If an excited state of COj is responsible for
the dissociative photoabsorption, its relaxation rate is
very slow. This rate is a factor of 50 smaller than that
assumed by Vestal and Mauclaire® to explain their
results. The rate assumed by Vestal and Mauclaire
would lead to relaxation of any excited CO; within about
10 cm from the ion source, and thus would have led to
a decrease of the photodissociation cross section to
zero gver the range of drift distance in Fig. 3(a), if
absorption from an excited state were responsible.

Figure 3(b) shows similar data obtained for 1% CO,
in 0. 4 torr of Oy at an E/N of 10 Td. The main differ-
ences between these data and those of Fig. 3(a) is that,
for the conditions of Fig. 3(b), the production of the
CO, is spread out over a much greater drift distance,
and the de-excitation 18 by Oy rather than COy. The
pbotodissociation cross section is larger at drift dis-
tances shorter than 5 cm, indicating that the CO; may
be initially formed with significant excitation from Reac-
tion (3). Wu and Tiernan'’ also observe excited CO;
from Reaction (3), although the interpretations of these
two studies disagree. The excitation we observe is
substantially relaxed 22> 15 ¢m of drift, and only a
slight decrease in tne cross section is observed for
longer drift distances. From the data between 15 and
48 ¢cm, an upper limit of 6.1x 107 cm?/sec can be
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placed on the de-excitation rate constant for CQj in Oy
However, the data at shorter drift distances shows that
the de-excitation rate for nascent CO; formed from Re-
action (3) is faster. A de-excitation rate for drift dis-
tances between 5 and 15 cm is somewhat greater than
1.3x107 cm®/sec. This faster de-excitation observed
at shorter drift distances where there is significant
CO; formation may be that observed by Vestal and Mau-
claire, ¥

V. CONCLUSIONS ON CO;

A mumber of conclusions can thus be drawn from this
study of the photodissociation of CO; at 6550 A. First,
CO; produced by either Reaction (2) or (3) photodisso-
ciates at 8550 A, and the cross section for photodisso-
ciation does not vary significantly with the production
mechanism if the ions are allowed to undergo on the
order of 5000 collisions after formation. Further, the
cross section at this wavelength is substantial, and is
the largest value observed from the threshold near
7000 to 3500 A. Thus, the dissociation here cannot
reasonably be attributed to a small fraction of excited
ions. [t seems necessary to conclude that the CO;
studied here is reasonably well relaxed, and that the
bond energy of the ground state of CO; is less than or
equal to 1.9 eV,

An alternate possibility is that both Reactions (2) and
(3) produce equally excited COj, and that this excited
CO;j is very stable, with a relaxation rate in CO;q of less
than 10" cm?/sec. This possibility seems very un-
likely, and would not resolve the previously described
thermodynamic dilemma. The flow-drift tube measure
ments of Dotan et al.'* were made over similar time
and pressure regimes as the measurements reported
here, and the CO; was formed primarily by Reaction
(2). Thus, the bond energy difference determined be-
tween Oy and CO; would refer to the presumed excited
state of CO;.

Smith, Lee, and Moseley: Photochemistry of molecular negative ions

It does appear [see Fig. 3(b)] that CO; produced from
Reaction (3) is excited, and that this excitation is re-
laxed by O, at a rate exceeding 1.3x10°'* cm?/sec. Al
CO; photodissociation cross sections reported from our
laboratory have been obtained under conditioas such that
this initial excitation is substantially relaxed.

VI. OTHER OBSERVATIONS ON CO;

In a further search for evidence of excitation of CO;,
the dependences of the photodissociation cross section
at 6550 A on total preasure and on £/N were investi-
gated. These experiments were done at low CO, partial
pressures, so the previously observed effects® of the
fast three-body recombination Reaction (3) of the photo-
fragment O° to reform COj are negligible for these mea-
surements.

The pressure dependence of the CO; photodestruction
cross section at 8550 A, measured at 10 Td and a drift
distance of 10 cm, is shown in Fig. 4. The observed
decline with increased pressure is indepenent of the
method of COj production. The measured values are
the same for a 0.025% CQ, in O, gas mixture, in which
most of the CO; is formed via Reaction (2), and for a
1% CO, in N; mixture in which COj is produced entirely
by Reaction (3). Furthermore, the position dependence
measurements discussed in the previous section rule
out relaxation of vibrationally excited COj at higher
pressures as a possible explanation. The fact that in-
creasing the number of collisions by increasing the drift
distance does not cause a decrease in the cross section,
while increasing collisions by increasing the pressure
does cause such a decrease, indicates the pressure de-
pendence is due to a variation in the number of colli-
sions following laser irradiation, just in front of the
drift tube exit aperture, It is thus that a likely mech-
anism for the ocbserved pressure dependence involves
collisional wu-nching of laser excited COy*. The pre-
dictions of such a model are given by the dashed line in
Fig. 4, and are developed in the following discussion.

The proposed mechanism for CO; photodissociation is
fully discussed in Ref. 2, The CO; photodestruction
cross section is smaller and more structured than that
of the hydrate CO; - H;O. Since the hydrate electronic
transition should basically be the same one, centered
on CO;, the CO; absorption cross section is substan-
tially larger than the photodissociation cross section.
For the purposes of this discussion, we will assume
that the total COj absorption cross section equals the
observed COj; - H O photodissociation cross section of
7% 1018 em?® at 6550 A (see Sec. VII). The electronic
state of CO; excited by the laser decays by the com-
petitive process of fluorescence and predissociation.

At 0.1 torr and 6550 A, the photodissociation cross
section of 3.6x10™* cm® is therefore roughly one half
the photoabsorption cross section of CO;. The radiative
decay rate &k, thus approximately equals the CO; photo-
dissociation rate, since the processes compete equally
for CO;* at 6550 A.

The radiative lifetime, which is the reciprocal of this
rate, can be estimated from the formula of Strickler and
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Berg®:

7 =2.88x10°)" [ edtiow) ®

where v, is the fluor frequency in cm™, v, is
the absorption frequency, the brackets indicate an aver-
age over the emission spectrum, and ¢ is the decadic
molar extinction coefficient in mole/liter cm (€=2.6

% 10% g). To approximate the unknown (v}') term, we
assume that the fluorescence spectrum is a reflection
of the absorption spectrum through the origin of the
transition at 7000 A, as is typically the case.?® Then,
Eq. (8) predicts r, =500 nsec, i.e., a radiative decay
rate of 2x10° sec™® at 6550 A. The predissociation rate
thus is approximately equal to this value.

As shown in Fig. 4, the COj photodissociation cross
section at 6550 A declines to half its value upon the
addition of each 0.20 torr of gas. This can be attributed
to collisional quenching of the predissociating electron-
ically excited state. Since the origin of the electronic
state lies at a lower energy than the thermodynamic
limit for CQOj dissociation, only vibrational quenching
within the excited state is necessary to prevent disso-
ciation. At 6550 A, only 0.10 eV need be removed, At
0. 20 torr, the quenching rate equals the dissociation
rate of 2x10° sec™, giving a quenching rate constant of
3x10™° cm%/sec. Efficient removal of such small
amounts of vibrational energy, at rates approaching gas
kinetic, is certainly reasonable.

This model is also consistent with previous observa-
tions®* of no significam nressure dependence from 0. 04
to 0. 10 torr in the CO; cross section at 5030 A. At
this wavelength, 0.27 eV of excess energy must be re-
moved to prevent dissociation, so more collisions—
higher pressures —are required.

Figure § shows the variation of the COj; cross section
with the drift field E/N at 6550 A, in 0. 20 torr Ny with
1% COq. The effect of increasing E/N to 40 Td is to
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raise the ion translational, rotational, and probably
vibrational temperatures to 600 °K. As Fig. 3() illus-
trates, hot nascent CO; has an enhanced photodissocia-
tion cross section. Large effects on cross sections
near the thresholds have been seen previousiy,® and
attributed to vibrational excitation. For CQOs, however,
we are observing the predissociation of a particular
vibronic transition. Since rotation is knowan to enhance
some predissaciation rates, ® this suggests one possible
explanation of the E/N dependence. As the drift field
and rotational temperature increase, the faster pre-
dissociation competes more effectively with collisional
quenching and the observed cross section rises.

In conclusion, both the E/N and pressure effects may
be attributed to subtle mechanistic details of the pre-
dissociation process. Future experiments should pro-
vide additional information. The lack of a position or
gas mixture dependence of the COj; photodissociation
cross section clearly indicates that the pressure de-
pendence of the cross section cannot be explained by the
relaxation of excited CO;.

VIl. CO;-H,0

Photodestruction cross sections for CO; - HyO are
shown in Fig. 6. The new measurements agree, within
statistical uncertainty, with the previous results,%?

A declining, generally featureless cross section is in-
dicated below 5300 A. The cross section for the hydrate
continues to exceed that of the parent COj; ion at all
wavelengths, but to a lesser degree at wavelengths
shorter than 4500 A. The hydrate cross section has the
appearance of a single band, while CO; photodissociation
has a second peak near 4500 A.

Previous work has suggested® that the electronic
states of the hydrate are those of the parent CO;, only
slightly perturbed. This type of behavior is more
clearly illustrated by the ozonide ion Og and its hy-
drates.? The COj photodissociation cross section is
lower than that of CO; + H;O because of competition from
fluorescence. Dissociation of the hydrate to COy +H,O

WAVELENGTH (A)
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. -l:. CO3 H,0 + hw .
SN L&
Ca * + This Work
Ref. 4

-]
R

(-
1 T

CROSS SECTION {107 '8¢cm?)
~ »
. pap

]
16 18 20 2.2 24 26 28 3.0

PHOTON ENERGY (ev)

FIG. 6. The COj - H,O photodestruction cross section. New
data are given by solid squares. Old data are from Ref. 4.
The value of 0.12+0.05x10°"" cm® at 3.5 eV is not shown.
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TABLE . Photodestruction cross sections (10°'* cm?),
—

AR) 5309 5208 4825 4762 4680 4131 3507 + 3564
E(eV) 2.34 2.38 2.57 2.60 2.65 3.00 3.5

co, <0.08 <0.,12 <0.32 <0.16 <0.38 <0.06 0.45%40.06
CO; *H,0 <0.07 <0.12 <0.13 <0.17 <0,13 <0.12 <0.17 ’
HCOy <0.017 <0.085 <0.035 <0.031 <0 051 <9.082 <0.077

HCOj§ B0 <0.013 <0.040 <0.038 <0.029 <0.034 <0.0683 <0.066
e e

requires less energy and is {aster. When COj; photo-
dissociation is closer to its thermodynamic threshold,
the predissociation is siower. At the 4500 A peak, how-
ever, the CO; cross section is nearly equal to that of
the CO; - HO. This indicates that the fluorescence
yield has probably decreased at higher excitation ener-
gies. The lack of CO; structure at these wavelengths
also offers evidence for a faster dissociation rate.

Viil. CO; AND CO;-H,0

Table III presents the Kr laser wavelength results for
these ions. The upper limits shown for most cross sec-
tions are based on one standard deviation statistical
counting error. With one exception, all such measure-
ments are consistent with zero cross sections, and
limits S 1x 10" cm® can generally be set. Note that
COj; has begua to photodetach or photodissociate in the
ultravisiet. The onset of photodestruction appears well
above the thermodynamic threshold for either process.
We were unable to detect photoproducts due to the large
amounts of O°, O3, and CO; ions also present in the
drift tube. The hydrate CO; * HO has a cross section
less than half the parent’s value, and possibly zero, at

3500 A. Similar behavior’ has been observed for

NO; *H 0. A very small nonzero CO{ photodestruction
cross section of (3.7 2 2.0)x 10* ¢m® was previously
measured® at 5145 A. The cross section at this wave-
length, if it is in fact nonzero, fails to rise significantly
at shorter wavelengths.

Vestal and Mauclaire'® have reported positive cross
sections for CO; photodissociation at wavelengths short-
er than 5300 A. Their results show a flat cross sec-
tion of (1.020. 7)x10°'% cm?, rather than a sharp rise,
between 4000 and 3500 A. Photoproduction of both O3
and 2 small amount of CO; was observed at 3650 A.
Excited ions from the source of the beam experiments
of Ref. 12 are the probable explanation for these resuits.

1X. HCO; AND HCO; -H,0

No photodestruction was observed for these ions at all
wavelengths above 3500 A, as shown by the limits given
in Table III. Previous studies have established similar
results*® for wavelengths longer thar 5145 A. Initial
reports® of a small positive cross se tion have since
been attributed to operation at excessively high total ion
densities, *
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